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An artistic rendition of 
global internet commu- 
nications, showing fiber- 
optic technology as the 
backbone for universal 
coiinectivity. 



I/Pfe are approaching an era in which people will need 1-Gbit/s communica- 
tions ports in their offices, their homes, and even on the road. These high- 
speed communications ports wilt enable telecommuting, telemedicine, tele- 
education, and a variety of multimedia applications for entertainment and 
computing. These demands for high-speed communications wilt require new 
telecommunications and data communications infrastructure with terabit/s 
data rates. Additionally, these communications networks will require very 
high-speed computers (Tflopsj, very high-speed instrumentation (THz), and 
large information storage (Tbytes). The technologies needed to reach these 
rates are being worked on at many H&D organizations around the world. 
In fact many demonstrations have been completed in 1996-1937 showing 
1-Tbit/s communications links evermore than WO kilometers, l-Tflops com- 
puters, and 1'THz instrumentation. Thus, we can safely say that the Tera Era 
is on the horizon. 
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WHAT'S AHEAD 



This special issue of the HP Journal contains papers on technologies 
needed for high-speed communications. The papers address the long- 
haul, access, and local area networks using fiber-optic, copper wire, and 
wireless communications links. This series of articles is split into two 
parts: part 1 (this month) wilt address the area of communications tech- 
nologies for fiber-optic and copper wire links. Part 2 (next issue) wilt 
address the area of wireless communications. 

Waguih Ishak 

Director 

Communications and Optics 

Research Laboratory 

HP Laboratories 



Besides six articles on wireless commu- 
mcaiiom, the Febniar>' issue will also 
contain aii aiticie on an option in the HP 
8648A signed genera.tor for pager testing, 
and an article on HP CaLan, a cable 
system tester. 
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The Hewlett-Packard Jounial is available online at: 

http://www,hp xom/hpj/j ournal^html 

A quick tour of our site: 

Current Isaue — see it before it reaches your mailbox. 

Past Issues — review back to February 1994, complete with links to other HP sites. 

Index — search back to our Srst issue in 1949, complete with an Order button for 
issues or articles you'd like for your library. 

Subscription Informatioiir— guidelines for U.S. and international sub.-^criptions and 
a form ycm can flU out to receive an e-mail message about upcoming issues and 
changes to our Website. 

Previews — <:ontains an early look at future articles. 
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Articles 



^^^^P CommynlcalJoni Cfiallen jes oF 
the Dijtfal Infannation Utility 

Joels. Birnbaum 

The director of HP I^bs shows how the 
Internet and World Wide Web are the har- 
bingers of an emerging era of pervasive 
computing. 



O 



Rcsidtntlal Communlcatloiift 



Daniel A. Pitt 

The tieniaiid fur lolemei access in the 
home is driving advances of many kinds 
in residential commmiications. 



^ly Optical Networkf: ftackbortes 
for Unlv«rsat Connectivity 

Robert C. Bray and DoiJglas M. Baney 

The authors discuss the rapid growth in 
commi mi cations traffic on the world's 
fiber-optic backbone and tl\e new tech- 
nologies that address it. 




Data Tranimisiion for Higher- 
Speed IEEE BQZ LANt Uilng 
Twitted - Pa i r Copper CabI ln| 



Steven G. Meth ley, Allsta i r H. Coles, and Erk 
Deliot 

Can twisted-pair copper cabhng support 
LAN speeds above 100 MbiWseeond? 




SpectraLAMr A Lowr-Coit Multi^ 
wavelenftfi Local Area Network 



Brian E, Lemoff, Lewis B. Aronson, and 
Lisa A. Buckman 

HP's SpectraLAN project is an approach 
to multi wavelength LANs with multigiga- 
bit-per-second data rates. 




Map courtesy of KMI irn;., Newport. HI. U.S.A. 



€if abyie-per-Second Optical 
Interconnection Modules for 
Data Communications 



Kenneth H. Hahn, Kirk S.^iboney, Robert E. 
Wilson, and Joseph Strazniclcy 

Optical interconnects are essential to 
meeting the bandwidth needs of evol\1ng 
conununications lechnologie$. 




Pevelopinf Leading^Edfe Bber- 
Optic Network Link Standards 



David G.Cunningham. Delon C. Hanson, 
Mark C. Nowelt, and C. Steven Joiner 

The authors discuss HPs role in develop- 
ing and promoting open standards for tlie 
global fiber-optic LAN market 



^^^ 13l}0-nni Strained Quantum Well 
Lasers For Flber^Opilc 
Communications 

William S. Rin^, Simon J. Wrathall, and 
Adrian J. Taylor 

Uncooled semiconductor lasers offer 
compeUing price/perfomiance advantages. 
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Modeled OptfrnliaHon and 
EzpedmsnUl VeiiBcitlon of a 
Low-Diipefiton Source for 
Ung-Haut 2. 48 &-G bit /sSysUms 



Stephen M, Cee, Herbert lage, Chris Park, 
Kevin A. WilliamSp Richard V. Penty, Ian H. 
White, and Joseph A. Barnard 

Low-dispersion'penait>' diodes sue crucial 
in today's world of faster digital modula- 
tion aiid longer transmission length* 



<S> 




^^^^^ flip-Chip Photodetectorfor 

HJfh-Spe«d Communicallont 
Inilrumeniatiofi 

Tun 5, Tan, David M. Braun, Tim L ia jwell, 
Chris Kocot, Joseph Straznicky, and Susan 
R. Sloan 

The authors describe a promising new 
mirm-flip-chit? process for packaging 
pJioUKit^leclor and 4^1eclJX>nii' amplifier IC^s. 




AZ.Iit'libH/iSnkon Bipolar 
Clock and Data R#<overy Circuit 
forSONETRbar-Optk 
Communkalioni Katworks 



Richard Walker, Cheryl Stout, Chu^Sun Yen, 
and Lewis R. Dove 

A new elock and data recovery circuit 
from HP can regenerate clean data from 
corrupted sigi\als. 
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^Q) Taiting Erbiuni*Dopad FIbtr 
Ampllfian 

Jim Stlmple 

hu reaiiiiigly sophisticated testing of 
erbium-doped fiber amplifiers is cnicial 
to their ability to deliver significant 
performance gains consistently 



^^ H«wf«tt-Pa€kard Prof*sf ional 
Bookf 

Receiuly published HP Press books and 
how-to-order in fonnalion. 



M The Hewlett-Packard Journal Online 



http://www,hp.com/hpj/joumal.html 

Whatls newt 

■ The Previews section, contains an 
early look at oiff February 199B issue 
featuring: 

Wireless Communications: A Spectrum 
of Opportunities 

The I rDA Standards for High*Speed 
Infrared Communications 

RF Technology Trade-offs for Wireless 

Data Applications 

An Enhancement-Mode PHEMTfor 

Single-Supply Power Amplifiers 

Direct Sroadcastinf Satellite 
Applications 

Oa-|im Gate-Lenfth AllnAs/IIalnAs/GaAs 
MODFET NM IC Process for Applications 

in High-Speed Wireless Communication 

PaferTettinj with a Specially Equipped 
Sifnal Generator 

HP Cat.an: A Cable System Tester that is 
Accurate Even in the Presence of Inf ress 

In addition, you will Find: 

■ A nostalgic look at oui" Jmic 1972 issue 
on the HP 35 handJield calculator. 

■ A small exan^pie showing how 
animation can be used to iKustrate 
TDK waveforms. 

Vie HP Jounml Website is euolvmg 
mpidlii — we mmte you to keep up! 
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Communications Challenges of the Digital 
Information Utility 



Joels. Birnbaum 



The Internet and World Wide Web are forerunners of a digital information utility 
that in time will provide computing as well as information to society, just as 
other utilities provide water and electric power. 



T 



■"^^m Joel S. Birnbaum 
I J^V Joel S. Bmibaun\ is Ilewlett- 
-^^f Pat'karcPs Senior Vice Presi- 

^ ^^^J dent of Kesearch & [ievelop- 
nveiH tUii] Direntorof HP l^aborat.orjps (the 
conxpany^s central research anfi devi^lopmenl. 
orgaiuaaliotiJs a politic jn heassunied in 1901. 
Joel joined HP in November 1980 as founding 
director of the Computer Rese^ch Center of 
HP Laboratories in Palo Alto, California. Before 
thatf he spent 15 years at IBM Corporation's 
l^homas J, Watson Research ljaborator>' in York- 
tpwn Heights, New York, where he last ser^-ed 
as Dirt?f'l(ir{if ( ompiiter Scienre^;, His peRicmal 
carvt.ribudons are in the areas of distributed 
comptiler system architecture, real-time data 
acquisition, analysis and control, and RISC 
processor architecture. He holfis a Bachelors 
degree in Engineering PhjTsics from ComeU l."ni- 
versitj^ (1960), and MS (1961) and PhD (1965) 
degrees in Nuclear Physics from Yale University. 
He is a member of several professional science, 
enginppring, and frumputer organizations, lie 
als<j serves on enginet^ring ad^isorj' coim.ciIs of 
Carnegie MeUoii IJniversityH Slanford 1Jni\nersity, 
and the Uitiversity of Califoriiia at Berkeley* 



Ms is a turbulent, uncertain 
time in communications and 
computing because m^jor changes 
are taking place at the same time in 
related measurement, computingj 
and communications technologies. 
This is a time when suppliers of 
technology, operators, and users 
alike must attempt to predict the 
future, yet that's never been h^der. 
As Yogi Berra^ the former manager 
of the New York Mets, once said, 
"Prophecy is hard, particularly about 
the future/' 

In this article, 1 will explore the idea 
that the Internet and the World Wide 
Web built upon it are the earliest 
form of what wiE become a digital 
information utility that eventually 
will bring inf onnation and comput- 
ing to most homes, schools, and 
businesses. Because important 
breakthroughs are needed in high- 
speed commmiications, network 



management, security, and many 
other issues that result from the 
enormous increases in the scale 
of these emerging global nets, we 
might not see this utility for a 
decade or more. 1 believe, though, 
that market forces will ultimately 
cause these barriers to be overcome 
and that the resultant digital infor- 
mation utility will create a new style 
of computing that will both demand 
and enable a new type of high-speed 
communications infrastructure* 

Pervasive Inform at ion By slams 

For about 20 years, I have pursued a 
dream that one day computing would 
become a pervasive technology— 
that is, more noticeable by its 
absence than its presence, just as 
automobiles, television sets, tele- 
phones, and many other technolo- 
gies have become part of everyday 
life for most people. 
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Figure 1 shows the progression of 
computing technology over several 
decades. It shows computing ele- 
ments below the S-ciir\T.s and show^ 
how they are interconnected above 
the curves. 

A key transition occurred at the 

beginning of the 1990s. At that point, 
our ability to make devices small 
enough let us begin specializing them 
according to their function and pro- 
ducing them in sufficient volume 
that they could be priced for mass 
markets. The architected interface 
between the requesters and pro\1ders 
of sendees — the so-called clients and 
serV' ers that produced open systems 
— is the enabling transition for com- 
puting technuiogy to become perva- 
sive within the next decade. Because 
only people bom after a technology 
has been invented think of it as part, 
of the environmentt and not as a 
teclmoiogy, tomorrow's children will 
think of computers the way we think 
of telephones and TV today. 

For a technology to become truly 
pervasive, it nmst transcend being 
merely manufacturable and conmion- 
place. It must become intuitively 



acc^isible to ordinary people and 
deliver enough \^ue to justify the 
large investment required to build 
the supporting inJjastnictiire, Think 
for a moment how^ easily most of us 
can use a telephone or drive a car 
with an automatic transmission; 
think too of the investment needed 
to build the infrastructure behind the 
telephone and highway systems. 

In the next century, computers wiH 
often be embedded in devices dedi- 
cated to performing a particular t.ask, 
and they will let people think in terms 
of the task being performed instead 
of the imderlying technologjv A c:om- 
parison with electric motors and 
consumer appliances helps convey 
this idea. We think of the function of 
a w^ashing machine, electric tooth- 
brush, or VCR, not about the motors 
within. In fact, the motors are very 
different and have required sophisti- 
cated engineering development, 
Howeverj we do not think of this 
when we use these appliances 
(note that they are almost always 
named by what they do). We do not 
know, nor do we care, how many 
motors we owm; the same will be 



Figure 1 

Progression of computing technofogy over several decades. 
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true for computers when they too are 
pervasive. 

1 believe that we will see the emer- 
gence of information appliances, 
which 1 \iew as de\ices that will 
offer a means to a particular end and 
whose use will seem quite natural to 
most people, Tliey will differ greatly 
from portable general-purpose 
computers because of what these 
appliances will do and because they 
will be easier to use. We expect 
appliances to evolve to hide their 
own complexity, just as today's one- 
button automatically tmied tele\ision 
set has replaced its less-complex hut 
hai'der-to-ac\just ancestor Because of 
continued advances in semiconduc- 
tors and software, tomorrow's infor- 
mation appliances will be able to 
do the same and likely will conform 
to a simple model of use, like the 
"Neutral -Drive-Reverse" of an auto- 
matic transmission. The Internet and 
the World Wide Web could not have 
achieved such dramatic growth 
without the concurrent mvention of 
the intuitive point-and-click-style 
browsens, which let users think about 
what they want to access without 
concern for where or how it is stored. 

The Digital Informatidn Utilltv 

I mentioned earlier that the Internet 
and World Wide Web are the fore- 
runners of a fUgital infcirmation utility 
that in time will provide computing 
as well as information to society, 
just as other utilities provide water 
and electric powder User expectst- 
tions certainly will change once we 
begin thinking of information flowing 
over a digital utility. Like all success- 
ful jnfrasiiuf^Lures, the digital infor- 
mation infrastniclure will have to be 
so dependable that we notice it only 
when it fails. It will also have to be 
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secure, endure over generations, be 
found everywhere^ and serve a pur- 
f )CL'5e important to almost all of the 
population. 

Like other peiTasive infrastructures, 
it will foster new industries. Think 
for a moment of how the public !ugh- 
way infrastructure, which made the 
personal auloinobile a per\'asive 
technology; spawned many new in- 
dustries such as auto insurance, car 
rentals, driver trainingH cai' washes, 
muffler shops, and gasoline stations, 
to name just a few, 

Iri a world in which clients — whether 
general-purpose computers or hifor- 
mation appliances — c^onnect to thLs 
utility, most people will pay for their 
computing by usage. This w\\} change 
what is now a capital Investment info 
a competitive service such as that 
provided by the electric power and 
water utilities. This will not be the 
same as timesharing, wluch was pro- 
prietary, closed, and often location- 
dependent, hi client-utility computing, 
open resources, located arbitrarily, 
win be combined as needed. In fact, 
one day, when the communications 
bandwidtii is great enough and the 
costs low enough, it will no longer 
matter where the computers are lo- 
cated or w^hich manufacturer makes 
them. Today s suicidal obsolescence 
schedule will be replaced by the 
capacity requirements of the service 
provider. Just as users don't notice 
%vhen their electric utility replaces 
a generator at the pow'er plaiit, so 
information utility users shouldn*t 
detect upgrades. 

Quality of ser\'ice wUl become a cru- 
cial competitive difrerentiator at the 
systems level because users wiU 
expect the information utility to be 
available, ready and waiting, just 



as today they pick up a phone and 
expect, a dial tone. 

A key aspect of this information 
utility is that it will be digital This 
means that devices that send and 
receive infonnation can be indepen- 
dent of each other instead of having 
lo be designed hi matched pairs, as 
analog fax macliines or T\'' and radio 
transmitters and receivers must be 
today. Given the appropriate inter- 
change standai'ds, yoiu* digital fax 
machine, for example, could begin 
communicating with your television, 
which could also receive your news- 
papei" as welt as diagnostic info nida- 
tion from yom" car 

This change also means that many of 
the decisions now made at the trans- 
mission end instead can be done at 
the receiver Once information inter- 
change standards are in place, ap- 
pliance and peripheral families will 
emerge, and many of these will be 
able to communicate directly with- 
out the intervention or invocation of 
a general-purpose computer and the 
attendant^ cumbersome general- 
purpose operating system, hi fact, 
many, if not most, of the computers 
of the next generation will be enor- 
mously powTrftd nonreprogramma- 
ble imisible processors. Vm thinking 
here, for example, of the several 
dozen embedded processors iiidden 
in a modem car that control the cai*'s 
ignition, suspension, braking, steer- 
ing, engine-management, and climate- 
control systems and daat provide diag- 
nostic information to the driver and 
the n^echanic. No one has ever asked 
a car dealer w^h ether these computers 
run UNIX® or Windows'- NT— the in- 
terface is the steering wheel or brake 
pedal, and function is augmented 
without the need to introduce an 



unfanuliai' interface or force users to 
pay attention to the inner workings 
of the software. The embedded pro- 
cessors of tlie futiu'e wiU enable 
users to invoke powerfid functioas 
at a much higher level of abstraction 
than is common today. 

Evervthing Could Have a IfVeb Page 

If is already practical to embed a 
web ser\^er, which can be a small 
amount of code in a very inexpensive 
microprocessor, in individual devices. 
This means tiiat everyday apphances 
can have a web page at negligible 
cost. With a conventional browser, 
you could easily check things like 
home security and heating or cooluig 
systems and control individual 
apphances like a hot tub or toaster 
from tmywhere that you can click on 
a web page. We may even make il 
possible for ordinary adults to pro- 
gram a VCR! In fact, any instmment's 
front panel, or a subset or simpler 
replacement of it, could be \iewed 
from anyvvhere by people with ac- 
cess rights. This would let engineers 
and scientists uiexpensively collabo- 
rate across vast distances and make 
practical remote maintenance for 
low-cost devices. Virtual instruments, 
which are networked combinations 
of real ones, could be created. Notifi- 
cation capability caii be incorporated; 
imagine, for example, a printer that 
automatically signals a supplier to 
sMp a replacement toner or ink car- 
tridge when some usage tiireshold 
has been crossed. 

If the conmimiications pipe is fast 
enough and cheap enough, this also 
means that you can do things fai' 
away that appear to be done locally. 
Distributed computing power, remote 
distributed measurements, verj^ rich 
user interfaces in small, inexpensive 
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devices, and i^mote printing and 
scanning all become practical and 
will enable applications at a scale 
and cost unthinkable today. 

I believe that client-utilit>^ computing 
^\ill provoke as great a cltange in the 
computing inditsti^* as open Sij'stems 
did ill tliis decade. The new paradigm 
will do for computation what the 
Web did for data and will produce 
such dramatic decreases in cost of 
ownership, with concomitant in- 
cr pases in uptime and accessibility, 
that those companies that do not 
react to the upportmiity will not be 
able to satisfy customer expcc'tations, 
Histoiy teOs lis that tliis can have dire 
consequetices. 

Much technology — consisting mostly 
of middleware to address issues of 
scale, interoperability, security, 
robustness, and end-to-end systems 
maiiagement^is needed. Developing 
this technoiogj^ won't be easy, but HP 
and many of the world's computer 
and software companies and re- 
search laboratories are today busy 
developing practical engineering 
soiutions to these problems. It is just 
a matter of time before the greatly 
decreast^d cost of ownership of client- 
utibty systems, coupled with their 
functional advantages, makes this 
the way that mos( people will access 
multimedia information and solve 
problems retiuinng computation. 

Needed: Communications 
Breakthroughs 

A number of telecommunications 
tec Imology break llmjughs iiro needed 
for this dream of pervasive informa- 
tion systems to come tiiie. We are 
entering a period that some at HP 
Laboratories have begun calling the 
"Tera Era** because the deniiuiding 
technical requirements needed tt> 
support inexpensive high-bandwidth 



netw orks are measured in quantities 
of txillions — that is, trillion-bit -per- 
second transmission* triHion-byie 
memories, and trilllon-instnictions- 
per-second computers. The \iabilit>' 
of the digital infrastructure for multi- 
media documents, appliance-utilitj^- 
computing, and distributed remote 
measurements depends on a number 
of key technologies coming together 
Particularly critical is ha\'ing high 
bandwidth at low cost, and many 
people are working to bring this 
about 

Other articles in this issue discuss 
some of these technologies, but I 
would like to focus for a mmute on 
important developments taking place 
in optics technology' that coidd have 
a huge effect on the telecommmiica- 
tions system. The theoretical capac- 
ity of the fiber is vast — something on 
the order of 25,000 GHz. In fact, 
tJiough, we typically don't take 
advantage of anjrthing but a tiny frac- 
tion of that capability If we could 
find a way to send and switch more 
signals through a fiber-optic cable, 
we could increase the system's ca- 
pacity l>y al least two or i hree orders 
of magnitude. It would maik a radi- 
cal change in such systems because 
for the first time the electronic 
switching components would be- 
come tlie bottleneck instead of tlie 
transmission lines connected to them 
This suggests that an all-optical sys- 
tem Is needed, and the most promis- 
ing approach is called wavelength- 
di\ision nmltiplexing (WDM). This is 
not a new itlea, but it is now becom- 
ing realistic to think of such systems 
being widely deployed in the not-too- 
distant future. 

Fiber technology has advanced over 
the last 20 years to die poiiU that the 
distance across which a itsal>le light 



pulse can l>e sent has grown from a 
fraction of a kilometer to hundreds of 
kilometers, and cost has plummeted 

concurrently. If we could transmit 
and then select aU the theoretically 
possible frequencies, a wavelength* 
division multiplexed system could 
work the way that a radio does. That 
is, at one end, a particular station 
chooses its frequency: at the other 
end, the user has what amoimts to a 
big dial. Depending on whom you 
want to be connected to, you turn 
the dial and change the frequency 
of the receiver. Sometimes a mo\ie 
comes over the pipe, sometimes a 
newspaper, sometinies the result of 
an economic model from a distant 
supercompntert sometimes your 
child s voice. 

This is, of course, a lot more easily 
said than done. Early UT)M systems 
used mechanical electro optical 
devices for frequency selection. 
Essentially, movable gratings would 
preferentially select a single fre- 
quency. However, this is not very 
practical because such interferome- 
rers are slow, expensive, and limited 
in frequency range. Laboratories 
today arc investigating promising 
low-cost higli-performance optoelec- 
tronic transceivers and other elec- 
tronic and photonic de\ices that 
could noplace or augment existing 
terminal equipment. 

We also need other new or dramati- 
cally improved technology, including 
multigi gabit -per-second sem iconduc- 
tor lasers and photodetectors^ midti- 
gigabit-per-second integrated elec- 
tronics for laser drivers and clock 
and data recovery^ ku^ge input^otitput 
cross-connect switches, and optical 
circuits such as add/drop filters and 
wavelength conveitei^. 
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If these teclmology challenges can be 
met, the results will be fabulous. Just 
one strand of fibetj in principle, could 
carrj' a billion separate audio tele- 
phone calls — aU the telephone calls 
for a large city. Many users of the 
digital information utility will want 
enough bandwidth , say, a 100-MlIz 
channel^ for high-resolution real-time 
mulliiuedia. That's ten times an entire 
Eth(>met for each usen With WDM, a 
single optical fiber could carry a 
quarter miUion of these superband- 
width channels. 

Network Measuremeitt and 
Management 

The digital utility will also require 
much more sophisticated network 
management because users will ex- 
pect the quality of service they now 
get from their telephone system. 
The hiteniet as we know it today is 
nowhere close to this. 

To manage apphcations end-to^nd, 
there can be no alternative to making 
distributed, continuous measure- 
ments of performanc^e, capacity, and 
usage statistics and relating them to 
a model of the system, or of part of 
it . By measuring what's actually hap- 
pening across the entire system, you 
can, among other things, adjust its 
capacity, detect many types of fraud, 
predict where performance bottle- 
necks are likely to occur, locate ont- 
ages, and identify unused parts of 
the systen\ for reserve capac:ity. 
Once again, Intemet technology will 
reduce the complexity and lower the 
cost, in fact, HP has built a success- 
ful prototype of such a system that is 
operating today in a London cellular 
telephony uial. 

Network management and measure- 
ment are the Achilles heel of the 
robust, flexible infrastructure that 
operators and users want. I think 



these will be the pacing core technol- 
ogies of the Information Age, and 
they demand the immediate attention 
of telecommunications and computer 
manufacturers alike. It will be impor- 
tant to develop international stan- 
dards; and while the technology will 
be similar in some ways to that now 
used by distributed computer systems 
and the telephone networks, it will 
have to solve problems of scale and 
speed that people have not had to 
deal with before. Systems with mil- 
lions, or even tens of millions, of 
nodes will be commonplace, and 
the heterogeneity of the hardware 
and software will be unprecedented. 

Once developed, this core capability 
of measuring and managing the 
evolved Intemet itself will be ex- 
tended to enable a vast, range of dis- 
tributed measurement applications 
that today would require specialized, 
expensive systems. The utihty pro- 
vides the infrastructure to link dis- 
tributed sensors at low cost in a 
ubiquitous way. Many industries, 
such as healtlicare, agriculture, and 
transportation, will be transformed 
by this ability to operate on a conti- 
nental basis. 

Security 

An issue much hi the news is security, 
which stands in the way of many 
commercial applications. Security is 
a hard problem because we're on a 
difficult tightrope. On one hand, we 
want maximum inter operabihty for 
authorized, authenticated users 
among all computers, all appUances, 
and aU nations. Essentially, this 
means that we impose no barriers to 
interconnection. But this aim of un- 
fettered interoperability conflicts 
with access control, privacy and 
system integrity. Citizens' rights to 
privacy are often in direct conflict 



with the needs of national security 
and criminal justice agencies. Build- 
ing a truly o])en, global system is 
technically antithetical to a secure 
system with good performance and 
attractive cost, creathig a difficult set 
of technical, social, and political 
trade-offs to be resolved, and com- 
promises are not easily achieved. 

1 beheve that the security issue wiU 
be solved more easily than the band- 
width and network-management 
problems. Most of the world's 
computing and conmmnication 
companies are working feverislily on 
security-related issues because these 
issues stand in the way of the profits 
liiat can be reaped from electronic 
commerc:e. Although no perfect solu- 
tion is likely to emerge, I tliink that 
an acceptable de facto standard, 
based on a sensible range of trade- 
offs and compromises, will emerge 
because of the overwheinnng rman- 
cial and market forces demanding it. 



Conclusion 



In closing, the telephone system that 
we know today iuid the Intemet and 
Web technology built upon it are pre- 
cursors of a global digital information 
utility. The Intemet is delivering today 
at low bandwidth and relatively high 
cost entirely new classes of ii\f orma- 
tion and services. As the bandwidth 
and usage grow, costs inevitably will 
decline. The resulting infomiation 
utility will dramatically change com- 
puting as well as telephony and the 
delivery of multimedia infomiation. 
In time, we will think of today*s 
systems as quaint. 
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Residential Communications 



Daniel A. Pill 



Establishing a communications infrastructure to get information to, from, or 
around a residence is not a straightforward task today. However, in the future 
the equipment and wiring within a residence for Internet communications 
will be treated the same as the wiring and equipment for services such as 
telephone, electricity, and cable television are treated today. 
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Residential cdininunicatiom involves getting information to, from, and 
around where people live. What makes this different (from^ say, enterprise 
communications), unique, or interesting? Well, for one thing, people do 
different things at home than they do at work (although they are working 
more at home today). Also, there are many more homes than there are places 
of work. Perhaps most important, residents themselves pay for most of the 
communications out of their discretionary budgets. What is clear is that 
residential conmiunications is growing in magnitude, type, and extent. It is 
being driven by demand (as for Internet access) and competition (from 
derc^gulation) rather than by technological advances, which are being sought 
as a means of satisiying demand. 

As we discuss residential communications, we must keep in mind two 
distinctions. The first is between communications to the residence and 
communications within the residence. The second is between different types 
of residences. All too often we fall into the trap of equating the residence with 
the owner-occupied single-family home, but the worldwide market includes 
huge numbers of potential customers in single-family rental and multiple- 
dwelling units. These can vary from duplexes to high-rises, and they differ 
from single-family homes in their construction materials, infrastructure, and 
ownership. Indeed, the fact that these dwelling units are not owned by their 
residents is significant. 
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Cominiiiiicatioiis to the Residence 

Communications to a residence today comes in many 
forms aiid what is notable is tiiat tiiey are all semce- 
specific. Teleplione iiiies provide telephone service. 
Cellular networks provide telephone service. Cable TV 
networks provide video entertainment. Satellite networks 
provide video enteitairnnent. Paging netw^orks provide 
paging services. Wliere they exist, energy-management 
networks provide energy-monitoring and control services. 
Moreover, each t>pe is owned and operated by a service 
provider whose business is to sell a particular service. 
To date J only the telephone and cellular companies view 
communications as their business, and the others view 
semces as their business, ^^^lile the telephone and ceUulai' 
providers welcome the growth of revenue from fax and 
data apphcations on their networks, they are not ade- 
quately eqmpped to handle the gK)vtth. These resident ml 
access networks base Iheij- economics on the cost of bring- 
ing the network to each residence and the anticipated 
revenue from each residence, especially as regulation 
diminishes. 

The effect of deregulation and competition is an attempt 
by nerwork operators to offer midtiple senices on their 
networks and to increase Hie capacity of their networks. 
These efforts stunulate the advfuice of network technologj^ 
Let us now examine some of these teclmologies. hi each 
case we will coimect tlie technology to the services it most 
natnrally supports and speculate on its future. Specific 
technical aspects of these technologies are discussed in 
other articles in this issue. 

Wireline TelepfiDny Networks 

Over 80% of homes in the U.S.A., and a not dissimilar per- 
centage elsewhere^ connect to the central offices of their 
telephony providers with twisted-pair copper wires (see 
Figure la), hi some cases a few dozen customers share a 
liigh-quahty twisted pair partway from the central oflice to 
tile home, but in all cases each home has 4 kHz of analog 
bandwidth dedicated to itself. A bidirectional telephone 
conversation occupies iiil of this band, or it can be modu- 
lated to carry bidirectional, half-duplex data. Advances 
m signal processing have enabled the data rate to rise 
recently from the common 14.4 kbits/s to 28.8 kbits/s, 
33.6 kbits/s, and even 56 kbits/s. 

Perhaps 12 to 15% of U.S. homes are serv^ed by digital loop 
carrier systems (Figures lb and Ic). In these systems, the 



Figm e I 

Teiephond network evolutfon. (a) Ail-metal beginnings 
In which twisted-pair copper wires go to each home 
ft) Digital loop carriers, (cj Fiber-optic digital hop. 
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telephone signals are carried in digital fonii on an optical 
fiber from the central office to a point somewhere in the 
neighborhood, \^ith all the signals for a group of homes 
mnltiplexed onto the same fiber. In a typical case, the 
fiber carries around 700 sinniltaneous calls (each at 
64 kbits/s) giving an aggregate bit rate of 43 Mbits/'s. Call- 
LtTg patterns suggest that this capacity can serve aroimd 
3500 homes. The remote node where the fiber temiinates 
converts the digital signals to analog (for voice, diaUng, 
ringing, and otiier signaling) and sends them on individual 
li^isted pairs to each home. The user sees no difference 
betw^een the all-copper system and the digital loop earner 
system, but the operators maintenance costs are low-er 
with, digital loop carriers. Telephone operators that wish 
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to offer higher-bandwidth semces have three maifi 

alternatives: integrated semces digital networks (ISDN), 
asjTiinietric digital subscriber line (ADSL), and fiber lo 
the curb (FTTC). 

ISDN. This service provides a circuit^wiiched service 

niade up of tw^o full-duplex 64-kbit/s data (or voice) chan- 
nels and a lt>kbi1/s signaling (or data) channel. Many 
ISDN modems allow the user to combine the data chan- 
nels to gain 128 kbits/s fiiJl-dupiex. which is markedly 
better than dial -tip modems. Because ISDN is a s%vitched 
service, the user dials the destination (which must also be 
equipped with ISDN), uses the connection, and hangs up. 
During the connection, a path through a telephone switch 
is dedicated to the connection, vvheUier or not data is 
tlowing. A switch crcinnection is a costly resource for 
both the subscriber and the operator, and it has proven 
notoriously difficult to get an ISDN hne up and running, 
so ISDN is not a good technology for bursty; packet data. 
Its speed is much too slow for digital \ideo, which requires 
an>"wiiere from 1.5 to 6 Mbits/s for acceptable quality* 

ADSL. The asymmetric digital subscriber line provides a 
packet -stream overlay on analog Iwisted pairs at megabit 
rates, exploiting unused bandwidth on the t%vjsled pair of 
up to 1 MHz. Voice is sent unchanged in its analog form in 
the O-to-4-kHz band* Megabit rates aj'e possible in only 
one direction, hence the asymmetry, which is typically 
ten times greater in the dowiistream direction, wJuch is in 
the direction of the home. Rates today range from L5 to 
8 Mbits/s in the downstream direction and depend on the 
length of the line. Some 95% of U.S. custom el's are mthin 
18,000 ft of their central offices, and 1 .5 Mbits/s should be 
able to reach all these subscribers. Those at 12,000 ft or 
less could receivp up to 8 Mbits/s. Tlie latest designs in- 
corporate rate adaption so that the ADSL modem adjusts 
its speed to the line quality (for which distance is one 
factor) in a static or dynamic manner. At the central 
office, the voice and data are separated, with the voice 
signal going tlirough a trircmt switch as usual and the data 
going into a separate packet network. A shnilar separator 
operates in the home, feeding the voice into the telephone 
viires and the data available to an Ethernet port. 

Two competing technologies appear in ADSL products. 
One J endorsed by American and European standards 
organizations, employs discrete multitone (DMT) modula- 
tion. in which 1024 kliz of bandwidth is dl\ided into 256 



4-kHz segments, each modtdated at a bit rate dictated by 

its noise characteristic at the moment. Thus, it is robust 
to narrowband interference. The other ADSL product, 
which has been on the market longer and is \ying for 
standards approval, employs carrieriess amplitude 
and phase (CAP) modidaDon. We believe it unlikely tliat 
either one \^111 prove vastly superior to the other in real 
deployments. 

The main advantage of ADSL is that it can be deployed 
without any modification to the infrastnictnre in the field 
(only endpoint modifications are necessary"). It can be 
deployed one subscriber at a time when the subscriber 
agrees to pay for it and without the security risks of a 
shared medium. The barriers to ADSL's acceptance are 
(1) the cost of the equipment, which has been slow to drop 
below LLS.$1000 per line, (2) the data line concentration 
task at the central office, (3) the continued mamtenance 
of the copper plant, and (4) its inability lo carry broadcast 
\ideo. As a medimn-temi technology for internet traMc^ 
ADSL might be promoted where there is competing 
cable-modem service. 

FTTC. Fiber to the curb provides very^ high data rates over 
an expensive plant that carries fiber veiy close to Uie 
home. Voice traffic for one to three dozen homes is con- 
veyed in digital form using digital loop carrier teclmology 
to the end of the optical fiber. Data is conveyed on the 
same or a different fiber to the same point but is kept 
logically separate. At the end of the fiber, the voice is 
converted to analog form (with ringing and signaling 
converted as well) and frequency multiplexed with tlie 
data on a dedicated twisted pair or coax hne to each 
home. Dovmstream data mtes can reach 51 Mliits/s with 
upstream rates ranging from 2 to 20 Mbits/s. Like ADSL, 
tliese figures represent dedicated bit rates for each home, 
not shared rates. FTTC has not been deployed widely 
because of its high cost and its inabihty to cany^ analog 
broadcast video. However, its data capabilities are unsur- 
passed and it represents how most telephone operators 
woiUd like to send voice in the future- A compromise on 
cosf , data rate, and distance between ADSL aiKl FTTC is 
called very high bitrale digital sub^'icriber line, VDSL- 
VDSL takes fiber to within 3000 ft (instead of FTTC^s 
<1000 ft), reduces the data rate to 25 Mbits/s, and lowers 
die system cost substcintially. Frnm the end of the fiber to 
the home tlie techniques of ADSL are appUed. 
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Cabte TV Networks 

The networks used for those 30, 50, or 70 channf?ls of 
broadcast aiiaJog video are being upgraded to carry digital 
video and two-way data services. This requires replacing 
the all-coax tree-and -branch netw^ork with a fiber link that 
leads to a much smaller coax tree to just a few hiuidred 
homes instead of thousands. This is called hybrid fiber/ 
coax (HFC). 

More than any other factor, the development of wideband 
linear AM lasers, allowing tiie optical fiber to be modulated 
exactly as if it were coaxial cable has made HFC' possible. 
HFC expands the system bandwidth from 300 MHz 
(a typical value) to 750 MHz. The 6- MHz chaimelization 
is retained, and the new channels each carry around 
30 Mbits/s of digital traffic, be it \adeo, Internet, or voice. 
All traffic reaches every home since the system was 
designed for broadcasting. At home, a subscriber tunes 
to a given channel to receive one analog TV program (by 
a cable converter box), or one of up to fO digital TV' pro- 
grams carried in one channel (by a digital set-top box), 
or some Internet data packets (by a cable modem). 

The cable modem and digital set-top box also transmit 
upstream to convey upstream data or program-selection 
commands. Upstream transmissions fall into the 
5-tCH42-MHz band, which is notoriously noisy and narrow. 
Downstream transmission typically employs 16-, 64-, or 
256-level quadrature ampMtudc modulation (QAM J to 
squeeze as many bits into the &^MHz channel as possible. 
The most common upstream modulation scheme is quad- 
rature phase shift keying (QPSK). Some vendors advocate 
spread-spectrmn techniques to combat high noise levels 
and some even claim satisfactory operation over all-cable 
plants. At this point proprietary^ media access control 
(MAC) protocols govern the shared upstream channel, but 
several organizations are working on standardizing the 
MAC. 

The 30 Mbits/s of downstream digital traffic is shared 
among several hundred homes. Upstream capacity is in 
the rajige of 10 Mbits/s with indi\4dual homes limited in 
most designs to around 2 Mbits/s- this, too, is shared 
among these same homes. Telephony, which requires 
symmetric bandwidth, must share Uie same upstream ca- 
pacity but uses its own dedicated dov^mstream channel. 

' Jhe 5-MH2 channelizatian divides the Spectfum ioto channels 6 MHz wide witii each 
channeJ used either for one artalog television program or for digrtar traffic of any sflfL 



Eventually, Asynchronous IVansfer Mode (ATM) is likely 
to multiplex all traffic types in eacb channel so that inte- 
grated receivers in the home can access nearly all of the 
home's traffic from a single 6-MHz channel and system 
capacity is optimized. 

The strength of the HFC solution is that it carries on one 
network ail types of traffic types irtcluding broadcast 
analog video, broadcast and interarlive digital video, high- 
speed data, and telephony. Its weak points are its upstream 
capacity, the cost of upgrading the existing ail-coax plants, 
and tiie laf;k of experience in higMy reliable two-way 
communications. It is a natural upgratie choice for those 
cable operators that can afford it. However, it is not likely 
to become popular among telephone operators. 

Wireless Networks 

Cellular Tel&phony Networks. Cellular systems can be and 
are used for daUi, t>ut their capacity^ is limited and tlieir 
cost is high. Speeds are typically limited to 19.2 kbits/s 
and the c'harges for cellular digital packet data make it 
unsuitable for file transfer, web page do\\Tiloading, or 
anything other titan small message exchange. The main 
advantage of ceUular networks is their accessibility from 
nearly any location, including while moving. 

Terrestrial Microwave and Millimeter- Wave Networks^ 

These networks are emerging i\s atlrat:tive alternatives to 
reaching the home without digging up roads or yards or 
stringing cable. They use a grid of base stations, often 
similar in siting to cellular stations, and fixed receivers on 
homes (so no tnobiUty is provided). Multichannel multi- 
point distribution service (MMDS), also known as wire- 
less cable, is a one-way scheme occupying 200 MHz of 
bandwidth in the 2-GHz band- So far only broadcast 
analog video h-a^ been sent on the 33 6-MHz channels 
assigned to these wireless networks. Howevefj many of 
these channels are gradually being converted to digital 
using 16- or 64-quadratiue AM. There is no upstream 
channel so interactive services are limited to dial-up re- 
turn. A multichannel multipoint distribution base station 
can servT tens of thousands of subscribers (at distances of 
tens of miles) so the data capacity per subscriber is low. 

Local multipoint distribution service (LMDS) offers much 
greater capability. In 1997 the U.S. Federal Communica- 
tions Commission (FCC) allocated over 1000 MHz in the 
28-to-30-CiHz band for local multipoint distribution. Other 
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coiuitries have allocations in that band and in the 40-OIIz 
bands. Deplovments are expected to start In 1998 with 
most of the bandwidth being used for dowTistream and 
broadcast transmission, partly because of the way the 
bandwidth was allocated 

Depending on the amount of broadcast traffic and because 
of the use of sectorized antennas, the dowTistream capacity 
ranges from 1 to 2 Gbits/s and the upstream capacitj^ from 
r300 to 600 Mbits/s (aggregate). A typical cell radius is 1 km 
serving aiiy where from 1,000 to 20,000 subscribers, so the 
capacity Is considerable. The rooftop antenna need be no 
larger than one square foot and is not expensive, though 
it needs to be correctly aimed. The main problem with 
local multipoint distribution service m that a line of sight 
between the base station and the home is required, so the 
technology works poorly or not at all in heavily forested 
areas. Also, the entire transmission must be digital for ade- 
quate signal reception, so analog video is not supported. 

Satellites, For quite a while satellite networks have been 
eniployed for broadcasting television programs. They also 
offer capabilities for other services. Geosynchronous sat- 
ellites, which are used for TV today can be and are being 
used for data by modulating a TV channel digitally as is 
done in cable networks. The difficulty is finding the riglit 
application for this. The satellite has no return channel so 
interaciivity is not poasible wi(l\out using telephony return, 
which is awkward and undesirable. Moreover, today's 
satellites^ designed for broadcasting, have footprints that 
reach tens of hundreds of millions of people, so the ca- 
pacity per subscriber is minuscule. These features, along 
with the long transmission time, make llie geosynchro- 
noas satellite a vei^ suboptinial choice for interactive 
services. 

As applications for data broadcasting grow, however, the 
satellite could become the ideal transmission medium. 
Low earth orbit satellites (LEGS) offer an altogether dif- 
ferent service. Designed for telephony, these systems of 
dozens or hundreds of satellites offer ubiquitous access 
without the erection of base stations or the worry of 
being out of range of them. Tliey also allow access by 
users in motion. However, if Ihese satellites retain the 
data rales of terrestrial ceUular services, they will be suit- 
able only for telephony and control services and of little 
use for Internet services. Video, it seems, is out of the 
question, as is broadcasting of any sort. 



There is also some actixity in other wireless technologies, 
using various little places in the spectrum and speeds in 
the ISDN range. These are likely to remain niche services. 
The pursuit of an effective and affordable wireless data 
ser\^ce with capacities of tens of Mbits/s continues mainly 
as a research activity. 

Where Are these Network Technologies Heading? 

What we expect is a period of experimentation with these 
new technologies in w^luch we will try to determine: 

■ How easy they are to install 

m How well they support various services 

■ Which services are profitable 

■ Which technologies lead to the greatest profitability in 
the shortest time. 

The deregulation of the teleconununications business in 
most coimtries will result in competing operators, usually 
with different technologies, in many regions and to many 
homes. Our expectation is that some services wUl migrate 
to certain technologies that offer incomparable economic 
advantage, such as satellites for nonlocal broadcast video, 
while most remaining services will be carried jointly on 
a few multiservice networks. The subscribers will have 
little say regarding which technologies reach their homes, 
but wiil increasingly have more than one ntultiservice 
network at the home. Homes in wealthy urban areas will 
have the greatest choicre iJie soonest, sincei for example, a 
telephone company is more likely trj accelerate ADSL or 
FTTC deployment to homes that are getting cable modem 
service from a cable operator In general, subscribers will 
get more bandwidth to the home^ lower cost, and greater 
choice of service type, 

Commiinieations within the Kesidence 

Application Areas 

The deployment of communications technology within 
tlie home will depend on, more than anything else, the 
aj) plications that tlie user wishes the communications to 
enable*. We see the most important of tiiese being: work at 
home, entertainment, and personal life and communica- 
tions. Work at home inchides home business, daytime 
telecommuting, and night and weekend access to corpo- 
rate networks. Entertainment includes passive video and 
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aydio prograrmiiiiig as weU as mtemctive games and mfor- 
Illation, Personal life and conmiunicatJons includes home 
finance, homt* photograpiiy arul vid(M)graphy, home 
e-maU, and of course fax and telephony. Otlicr areas of 
lesser importance are home antomation, home hf^alth 
care, and electronic cojnmerce. We have not nientirmed 
the Internet explicitly because nearly every ajipli cation 
aiea cited above will use the Internet, Particularly signifi- 
cant as motivators for home communications are the 
followmg factors: 

■ Increasing use of the home computer to interact i^ith 
entertaiiunent and automation equipment (especially 
usmg web technology), 

■ Tlie growth of home unaging (embodying digital 
cameras, printers, and storage media) 

■The multiplicity of home computers in many homes 

■ The need to share digitally delivered progranmiing to 
cable modems and set-top boxes by multiple devices 
within the home, 

Obstacfea to Home Communications 

Communications within the home will not become per- 
vasive (nor will the applications that require it) until a 
number of obstacles are overcome. 

Wiring. Although wiring is not a major obstacle in offices, 
it is a ni^or one in homes. If the wires are not already in the 
walls or do not go where they are needed, the user needs 
to install \\Tres or forgo communications betwt^en rooms. 
This t)bstacle, in temLs of c*ost and delay, motivates the 
development of wireless aiid poweriine communications. 

User Skills. Knowledge about how to hook up, configiure, 
and use a home conmiunicattons system cannot be so 
great that it reduces the market to the technically adept 
few. Even the tecimicahy adept have a dedicated support 
staff at the office for maintiiining tlieir complex conimu- 
nications networks. 

Consumer Pricing. Affordabihty^ for home commimi cations 
systems will probably be reached only with mass maikets, 
wMch suggests standard approaches. Standards, as well, 
promote interoperability^ among different vendors, another 
consumer necessity. 

Etn bed ding Common icat ions Ftinctlons. Tills obstacle, 
perhaps better staled as the ijnisibiiitj' of coiimimiica- 
tions functions, reflects a consequence of tlie previous 



two obstacles. For low cost and ease of use, it will be 
helpful to embed the conmiunicattons into appUances that 
perform some applit^ation function, ratiier than develop a 
bevy of conmmnications widgets that users will have to 
tangle with. 

Privacy. Dsei^ will demand privacy not only for Fmancial 
records but for all communications thai leave or enter the 
home. The broadcast media of HFC, UVIDS, and sateilite 
violate tliis, so explicit techniques to ensure pri%^acy must 
be added. 

External Access. Wliile external access is not necessary 
for all home conununications, winch increasingly will 
originate and terminate in the home, it wall be mandatory 
for many de\ices in the home to deliver then' full value to 
the user How the combination of internal aiid external 
conununications is provided most simply and economi- 
cally is a matter of no small import, 

In-Home Communications Technologies 

hi-home coiimiunications technologies fall into three 
categories: wireline, power lilies and wireless. Wires are 
suitable when devices to be comiected are in the same 
room, when t^xisting wirh\g suits the communications, or 
when new construction allows the installation of special 
wiring. Otherwise, powder line or wireless conmumica- 
tions is highly desirable. Other than telephone twisted 
pair or cable W vxrax, tl\ere is no installed base of any 
magnitude for in-home coimntmications. 

Ethernet and AppleTalk. Tiiese two network technologies 
^ire used today to coimect home computers to their peri- 
pherals. With cable moden^ and ADSL modems terminat- 
ing in Ethernet ports, Ethernet will be used increasingly 
to connect multiple home computers. Its 10-Mbit/s data 
rate, inexpensive adapter cards, and operation over un- 
shielded twisted pair (with a hub) make it attractive for 
computer intercoimection. Ethernet versions with 
10(J-Mbit/s and 1000-Mbitys data rates will trickle into the 
home as their cost comes down because of mcreased en- 
terpiise penetration and as the need for more bandwidth 
justifies their higher cost 

Universal Serial Bus (USB). Tlus is a new peripheral bus 
that supports up to 12 Mbits/s willi a smiple connector 
and daisy chainmg or hub/star wiring. It has features for 
isochronous and asynchronous traf^c and we expect it to 
appear on PC motherboards in 1997. 
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IEEE 1304. This standard, which is abo caUediine-imne, 
has bec-n embraced by the consumer electronics manufaC' 
mrers for connecting digital \ideo cameras, VCRs, and 
releiisions. It is being adopted by home computer and 
set-top box manofactiirers as well, IEEE 1394 is a high- 
performance serial bus that operates at 100. 200, or 
400 Mbits^s over its owti special cable. The cable is cur- 
rently limited to 4.5 meteors but developers are working to 
extend it to whole-homse distances. Ft is hooked up in 
daisy-chain fashion, which allows flexible configuration 
^ind requires no hubs. 

Consumer Electronics Bus (CEBusK This bus is an emerg- 
ing home networking standard defined for operation over 
power line carrier, radio frequency, infrared, coax, and 
twisted pair It defines a 10-kbitys control channel and 
frequency ^ectra for data on coax and twisted pair but no 
data protocol allowing varicnis MAC protocols to be used. 
CEBus is being deployed for home automation and con- 
trol of low-band widtli applications and not for Mgh-speed 
data (or \ideo, or voice). The CEBus specification also 
includes a common application language (CAL). which is 
being adopted in tlie IEEE 1394 world as weU. A simple, 
objeci-orienled progranuiiing language, CAL will fmd use 
for control and commimi cations among security systems, 
light switches, and consumer goods. 

Power Line Carrier. This transmission medium allows 
commuiucatiuiis over tlie homers electrical mains. It 
ofi'ers the advantage of using wires that are already in the 
walls and requires no separate pkig. Data rates of tens of 
kbits/s ai'e available now, and claims for Mbits/s are \iewed 
skeptically. Powerline transmissitm is highly susceptible 
to noise and attenuation through transformers. The latter 
is an advantage for transmissions intended to stay within 
one htmic. However, the signals reach all homes that 
share the same transformer, resulting in loss of privacy 
and the need to coordinate transmissions. 

Infrared Communications. Infrared offend regiilati on-free, 
radiation -free communications withm a room. Interfer- 
ence with neighbors is never a worrj^, altliough high levels 
of an\bient light can be a problem. Infrared links exhibit a 
high invei^e relationship between speeci and distance, 
witii Gbits/s speeds possible over a few centimeters, a 
few Mbits/s possible over a meter, and kbits/s in diffuse 
roonvwide use. Many in the industry are interested in 
seeing the speed-dist^ice product increase, and no orga- 
nization has been more effective at gaining industry-wide 



adoption, pervasion, and interoperation of infrared than 
the Infrared Data Association (TrDA). 

Plsstic Optical Fiber. Optical fiber offers regulation-fi-ee, 
radiation-free. Ingh-bii-rate communications at the ex- 
pense of having to be strung around the home and using 
unfamiliar connectors. The diameter of plastic fiber is 
fifteen times that of glass fiber (980 |im versus 62,5 }im), 
so affixing connectors is easy, and 650-imi LED drivers 
and detectors are inexpensive. Its modal bandwidth of 
10 MHz - km* allows whoie-house distances at 100-Mbit/s 
data rates. The cost of the medium and its coiuiectors is 
comparable to that of data-grade twisted pair. 

Radio Frequency (RF). RF c communications covers abroad 
array of tectmologies, e\'en \\ithin the context of tlie home. 
The attractions of RF are that it requires no wiring or con- 
nectors and that it allow'S mobility. The challenges are 
keeping the transmissions out of the neighbors' houses, 
finding an appropriate operating point in the speed- 
dislance-cost, triangle, dealing witli the highly-regulated 
RF environment, defining suitable mediimi access con- 
trols, and keeping the power low enough for its use in 
small, lightweight, battery-powered appliances. 

There is far too much material on RF for us to be anytliing 
but brief so here ai^e only the barest of highlights. The 
most prominent RF technologies are for telephony (cellu- 
lar and cordless) and these are only now moving from 
analog to digital and rising in frequency to the 900-, 1800-, 
and 1900-MHz bands. Their use for data transmission is 
hniited. The highly regulated l3-io-2.4rGlh. band is used 
for industrial, scientific, and medical puri^^*^^^^- f*>i" emerg- 
ing l-to-2-Mbitys wireless local area networks in entor- 
prises» and for unlicensed personal communications ser- 
vices. Modulation ranges from analog to QPSK digit^il to 
direct-sequence and frequency-hopping spread spectrum. 

Most viable for the home is the 2,4-GHz band yielding 
around 1 Mbiis/s. The real opportunity for the home hes 
at 6 GHz, where the European HIPERI.AN and U.S. un- 
licensed national information infrasriiictnre (t NH) alloca- 
tions have opened up 150- and 300-MHz slots, respec- 
tively. Data rates of 10 to 20 Mbits/s per chaimel, with 
multiple channels, meet the needs of digital video, Inter- 
net conmiunications, and home file and image transfer. 

' The product ol the nymb^r of m&gah^rtz times the number Df kiln meters is (ai most) tan 
Thus, you couict transmit at TD MHz nvar a distance of 1 km or at 1 MHz over a distance 
of 10 J; m, or anything in between as JQng as the prodiict does not exceed 10, 
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The UNn band, especially, offers sufficient bandwidth to 
allow reasonable modulation efficiency with minimal 
interference. 

All the frequencies mentioned thus far propagate through 
most home walls without difficulty, allowing whole-house 
coverage (and perhaps some of your neighbor's). The next, 
frequency band, at 60 GHz, offers enormous bandwidth 
(5 GHz) but has difficulty propagating through walls. 
Products are stiH some years away and component costs 
are uncertahi, especially with GaAs being necessary. Also, 
it is not clear if 60 Gliz is best suited for point-to-point or 
omnidirectional use. At both 60 and 5 GHz, open questions 
remain regarding modulation, and especially whether 
multicarrier modulation can effectively be harnessed to 
combat narrowband noise or if disiributed feedback 
equalizers are necessary. 

Where Are these Technologies Heading? 

The in-home communications technologies are heading 
in whatever direction they can that leads to just enough 
capability at the lowest possible cost for the applications 
that will actually be there. None of these factors is known 
yet so a great deal of investigation is still required. Every- 
one seems to think that consmners want more bandwidth 
than tliey have but no one can say exactly what for. We do 
not yet know what devices will need to commimicate with 
other devices, what applications and demographics wlH 
tolerate the installation of new wiring, or how much 
money there is to be made in the conmiunications versus 
the appliances that commimicate. We feel that the pushes 
toward higher speed, mostly digital communicationSj and 
decreased reliance on wires are the right ones. 

Interconnection Technologies 

One other important aspect of residential communications 
is the means of allowing different devices to actually fmd 
and eonimunicale with one anotlier, regardless of where 
Oiey are located- Thus the picture of residential commu- 
nications is incomplete without the switch es^ routers, 
gateways, and networking softw^are that devices and 
users need to identify, find, and reach one another. 



These technologies exist for public and enterprise net- 
works but their translation to residential use is tenuous 
for several reasons. One is that they are presently far too 
expensive for consumers. Another is that they are too 
complex to set up and use, especially coils id ering that 
the home has no dedicat^^d information -technology staff. 
A third is that they do not deliver end -user applications 
or services but are only a means to that end, so vendors 
would have to overcome great consumer resistance to 
purchasing them. Ntinetheless, consmners need ways to 
interconnect their automation network (CEBils?) with 
their computer (Ethernet?), their digital VCR (IEEE 
1394?) to their printer (TJSB?), and lots of their in-home 
gear v^ith the outside world. 

People (and not just engineers) using these devices will 
need to know what other devices there are and how to 
adtlress and name them. The intercomiection of the in- 
home technologies with the access-network technologies 
is a particularly intriguing problem because the two 
domains have such different technologies, econonucs, 
demographics J and performance characteristics. A body 
of study has emerged on the residentiat gateways tiiat 
aUow devices within the home to access and exploit the 
external networks without undei^anding their technical 
specifics. 



Concmsioii 



Residential conmnmications offers enormous potential 
for communications technology development, pervasion, 
and revenue. The key problen^is to be solved are matcMng 
conmiimications capabilities to the needs of the appUca- 
tions, appli^mces, and users j driving down costs to con- 
sumer levels, and making these systems usable for the 
nontechnical mass market. Technical innovation is needed 
in wirehne, optical, pow^erline^ satellite, terrestrial micro- 
wave, and millimeter-wave tecimologies and in their trans- 
ceivers, media, connections, interconnections^ configura- 
tions, and more. The other papers in this issue describe a 
wealth of basic-teclmology work touching most of these 
areas. 
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Optical Networks: Backbones for Universal 
Connectivity 



Roberl C. Bray 



Douglas M. Baney 



Communications traffic in the world's fiber-optic backbone network is 
growing more than 10% per year and the growth rate is accelerating. The 
ever-increasing bandwidth demands are being met by an array of technological 
innovations including higher time-division multiplex (TDM) transmission rates 
combined with wavelength-division multiplex (WDM) overlays. 
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' V are living in a revohitionary age. Commimications traffic is growing 
explosively. In this article we attempt to characterize and qtiantify this growtli, 
and th£?n comment on technologies to upgrade the usable bandwidth of the 
fiber-optic backbones of the world's comniunicalion net works. 

Ypicei data, fax, video — ^these are the forms of electronic conimunication that 
are growing at, unprecedented rates. A large and increasing proportion of the 
messages are digital. This is because digital signals can be made practically 
error-free, and the computers that process them are cheap and getting cheaper 
aiTd more powerful. 

How can we quantify all tliis? Since all these signals are digital, the imivt^i'sal 
measure Is the bit rate: how many bits per second leave the signal soiu'ce. 
The aggregate bit rate of all the sources is the total communications traffic:. 
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A single telephone call Is sampled at S kbits/s with 8-bit 
resolution in each dirtHrtion. Hie two-way conversation 
thiis represents tralfic of 128 kbits/s. One niMon conversa- 
tions thus represent traffic of 128 GbitVs. In one moxith's 
time this traffic will have deUvered a payload of (30 days) 
X ( 86,400 s/day) x (128 Gbits/s) - 331,776,000 Gbits = 
331.776 Pbits. Topical voice telephone calls last five 
minutes. Average traffic is less than the daily peak traffic 
by a factor we will assume to be tturee. 

TVtisted pairs, coaxial cables, optical fibers, I'adio-frequency 
and microwave wireless, satelhtes, infrai'eti — these are 
the media that carry the messages. The special role of 
single-mode optical fiber is as the high-capacity^' backbone 
of global connectivity. No other medium comes close to 
being able to fill tliis role. 

Network Overview 

Taking a look at a hypothetical network, we might see 
various network shapes such as rings linkiiig various 
sites, as shown in Figure 1, Star and tree structures may 
branch froni iJu^ network dej>eridiiig on the locality, which 
ctjuld be tiense metropolitan^ suburban, or rural. Geo- 
graphic features also infiuence the local network topologj^^ 

The core network consists of all trunk lines between 
major central offic^es in thi? iargt?r cities, incluciing trans- 
oceanic submarine links, festoon links, and long-haul 
terrestrial links. 

MetTopolUm} networks consist of rings comiecting m^jor 
customers — that is, business locations — -in the regions 
neai' large cities, .'^n atl vantage of tlie ring arcliitecture is 
that data can be sent in the opposite direction ai'ound the 
iiuk shoidd a break in the fiber cable occm*. Both the core 
network and the metropolitan networks consist of single- 
mode optical fiber 

The local access rietwork consists of the distribution net- 
work from a telephone company central office switch to 
and from customers. These networks are typically a star 
configuration of twisted-jjair lines. The signals are analf >g 
until they undergo imalog-to-digital conversion, either at 
the central office or at a remote station in the local loop. 
At that point multiple calls are multiplexed to a higher bit 
rate. This description applies to traditional wireline com- 
munications, wiiich is supplemented by new^er wireless 
networks. Cellular telephone systems 3ie wireless net- 
w^orks that offer local access to mobile customers. 
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At present many local access networks contam optical 
fiber lines carrying multiplexed traffic from central of 
flees to local substations, where a local star network of 
twisted-pair lines branches out to individual customers. 
Fiber to the home (FITH) and fiber to the curb (riTC) 
networks have had numerous trials tiut no large-scale de- 
ployments. This may change in the near future as one al- 
ternative to enable broadband services such as high-speed 
Inteniet access to homes J 

At the network nodes, a number of operations ar*^ per- 
formed to provide for information routing and multiplex- 
ing. A layered model for a network node is showTi in 
Figure 2. It provides a useful way of understanding the 
roles of the various netw^ork elements. In the optical layer^ 
incommg signals in the form of modulated light are re- 
directed tt) otl\er optical network paths or converted to 
electrical signals and sent to an electronic layer In the 
SCJNET/SDII layer, digital switches and electronic add/ 
tiroj) multiplexers route ai\d partitioi\ the data streams. 
These data streams are sent to the eledronlc switching 
layer w^here a finer level of pailitiouing ocxrurs such as 
ATM (Asynchronous Transfer Mode) switching. Alterna- 
tively, the SONET/SDH layer can send data directly back 
to the optical layer after performing swit(*hing at a coarse 
level Tlie activities described above are performed on a 
large ^C2i^!t in the central office and at a smaller level at 
remote nodes. 
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Figure 2 

Layerad model of 3 network node. 




ADM = £ I ff ctron i c Aiid/D r up fVI u Iti p! e x er 
OXC = Oplical Cross Connect 
OADM = Optical Add/Drop Miihiptever 



Uraffic on th^ Cora Network 

Core network teleconinittnications traffic ^^ithin the U.S.A. 
has been estimated to be in the range of 2fX! to 400 Gbits/s» 
or the equivalent of L5 to 3 million telephone conversa- 
tions.^ Ttiis estimate includes the conrlHiied voice, data, 
fax, and video traffic on all U.S. long -distiu ice carriers 
during midday daily peak traffic. The average annual 
growth rate of this traffic in 1995 was 10%. 

Core teleconimimications network traffic outside the 
U.S.A. has been estimated to be comparable to the U.S. 
traffic. This is intracountry traffic, which does not cross 
iiitemaiional boundaries. The exact growth rati? is not 
kno\^Ti, but we believe it to be less than the [LS. growth 
rate at the f>resent time because of liiglier rate structures 
mid less developed services outside the U.S. 

International telecommunications traffic is weU-docu- 
meiited by the International Teleconununication rnion 
(ITIT), with a Ihree-year delay. "^ As shown in Table I, 
caicuiaiion.s from ITU records estiniate thai U.S. outgoing 



international traffic in 1993 was 2.8 Gbiis/s on average, or 
a bit more than one OC'48 link. Total w^orldwide inter- 
national traffic was 11.9 Gbits/s on average, or more tJian 
one OC-192 link. These figures include, but are not limited 
to. the undersea cable traffic. 



Table 1 
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IVfarket Drivers 

Thr worldwide demand for conimunications drives the 
need for uiciecised network capacity. Follt factors in this 
capacity growlh are: 

■ Upgrades of existing networks 

■ Increased global teleconnectivit^ 

M Worldwide deregulation of the teleconimurdcations in- 
dustry 

■ Introduction of new broadband services. 

Upgrades of Existing Networks. Ill the U.S.A., aE carriers 
aj e presently iipgj adiiig their ten^estrial netw orks, replac- 
ing repeater huts with t>ptical ainplifiers.'^^ This provides 
them with a signilK!ant cost savings, as weD as a netw^ork 
ttiat is much less data rate dependent. Increased reliabihty 
is achicvc^d by configuring the network in a redundant, 
scH-iu baling ring architectiu'e. In this system, two redun- 
dant paths that are physically sepai^ated are provided 
betw^een any two access poii\ts. If a fault occurs on one 
path, for example if an errant backlioe cuts a biiried cable, 
network supervisory software automatically retiirects 
traffic along the alternate path aller tht^ fault is detected. 

increased Giobai Teleconnectivity. Aroimdthe world, 
backbone networks of optical fiber contii\ue to be histailed 
at a remarkable rate. 30-comit single-mode optical fiber 
cable is installed at an average rate of SO kin/l\r, around 
the clock, all year long.^ A reported 1.06 million fiber-kni 
were installed hi China alone in 1994. Clihia plans to add 
between 75 million and 100 million new lines to ht)mes 
and businesses by the year 2000. 

So far, U,S.$1 1.6 bilhon has been invested in undersea 
systems that connect 70 coimtiies, with 17 more coiuitries 
connected in 1996. In the next three years, it is expected 
that U.S.$13.9 billion will be invested in new undersea 
systems, witli less than 10 percent of the cable going into 
the Atlantic. With completion of the TAT- 1 2/1 B and TPC-5 
cable systems, the transatlantic and transpacific routes 
each have installed redundant, self-heahng capacity of 
10 Gbits/s.^'^^ This capacity was originally forecast to 
exceed the demimil until 2006. However, by early 1997 the 
capacity on those cables was completely subscribed. New 
cables with capacity of 100 Gbits/s are plamied.^^=*^ 

Deregulation, Der"eguIation in the telecommunications 
industry will break down the i3 resent baiTiers to competi- 
tion in all sectors of the market. Thronghout the %\'orld, 



Figure :3 

Price chang&s before and after deregufatmn of the tele- 
communications industry. Courtesy Forrester Research, 
Inc., Cambridge, f\AA, USA 
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government owned or controlled teleeonununications 
monopolies are undergoing deregulation. The U.S.A. is 
fun her along 1 ban most countries. The current grouping 
of ser\ic-e providers in the U.S.A. — regional Bell operating 
companies (RBOCs), interexchange t^jiiriers, and CATV 
providers — is quitrkly blurring through mergers, acqoisi- 
ti^inSj and collaborations between segments. The competi- 
tive nature of tliis m^u^ket opening will likely stimulate 
installation of redundant capacity in different providers' 
networks. This shoidd lead to low^er prices (Figure 3) 
and an uicreased growth rate for telecoinmimications 
traffic. The considting firm Forrester Research predicts 
a growth of 250% in traffic by the year 2005. 

New Broadband Services. While telecommunications traf- 
fic growth rates of 10 to 17 percent are impressive, these 
growih rates are low compared to tliose for existing and 
new data sendees. The Internet has grown exponentially 
for at least seven years, as shown in Figure 4. Backbone 
traffic on the U.S. Nafional Science FoLuulation s NSFNET 
exceeded 50 Mbits/s on average m late 1994, having 
doubled yearly for several years until then. The arcliitec- 
ture changed in 1995 to the present netw^ork access point 
structure with multiple backbone services. Traffic is ex- 
changed between senices at netw^ork access points, the 
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Figure 4 

fmernet tackbons traffic gmw^ since JB9t ^^ 
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largest of which — RL^E-East (WiLsKmgioii, D.C/) ai\d 
MAE- West (San Jose, California) — have combmed traffic 
that has more than quadnipled in each of tiie two years 
since 1995 — tnily astounding growth! This combined traf- 
fic has reached about 1,5 Gbits/s on average in niid-1997, 
a number tiiat still seems small, that is, the equivalent of 
about 12,000 teieplione calls. The seemingly smaD traffic 
voiuiTie reflects the fact that the Internet is coruiection- 
leSH. h, also rcffects the fact that the Internet is insuffer- 
ably slow! The comiecUonless nature of the Internet 
n^eans that packets of data move from source to destina- 
tion through a network of routers without a circuit being 
reserv^ed as it would be for telephone service. ^"^ This is 
true for an Internet exchange us it iraverses the core tele- 
conununicatious network. However, if that exchange orig- 
inates in a local access network, a local ciill to tl\e Inter- 
net service provider flSP) does tie up a circ^uit llu^ough 
the tek*r>hone company's central office switch for the 
duration of the connection. Local telephone companies 
have based their semc(* on an economic model that as- 
sumes that telephone calls last five nunutes on average, 
and have not yet absorbed all of the calls to Internet 
service providers that last an hour or more.^^^ 

To predict Internet U^Ocr growth to the year 2000 and 
beyond, we must recognize the* Ibllowij^g Litemet traffic 
growth drivel's: 

■ Connections worldwide double yearly. 

■ PCs will continue to proliferate. 



■ Faster PCs and L\Ns {l-GBz and I-Gbit/s) will be wide- 
spread by 2000. 

■ Demand for faster access (ISDN lines, SO-Itfijit/s cable 
modems) is rising. 

■ Demand for bandwidthhungry services (SD gr^hics, 

video chps J will grow. 

■ Network software (Java) will increase network average 
bit rates. 

m Lower telecommimications rates vrill unleash demand, 

■ Corporate intranets linking sites of the same firm, 
enabling efficiencies and savings, will proliferate. 

Figure 5 shows the predictions of a model that accomits 
for the yeaiiy doubling of Internet connections and tlie 
further, compomided explosive growth in Internet traffic 
that is likely to occur as the result of the factors Usted 
above. In this model, the peak daily worldwide core 
netwx)rk Inteniet ti'affic lises from 3150 Hbits/s in 1996 to 
110Gbits/sin2000- 

To see the effect of the Internet traffic, we plotted the 
projected U.S. telecomniunications peak long-haul traffic 
with and without Internet use in Figure 6. The lower 
ctnrve shows the projected U,S. daily peak core telecom- 
munications traffic through the year 2000 using a 10% 
growth rate. Tlie upper cuive adds the c\stunated Internet 
traffic. Tlie model predicts that the Internet accomUs for 
10 to 20 percent of the total core telecommunications 
network traffic by 2000. 
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Figure 6 

Tehcommunications traffic increase from Internet activity. 
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Technologies to fncrease Bandwidth 

Smgle-mode optical fiber has enormous untapped band- 
width. Each nanometer of the spectrum near 1550 nni, 
where loss is at a minimum, represents 125 GHz of banti- 
width. 

Wcjridwide demand tor increased network caijacity liBS 
pushed core netw^ork service providers to find the best 
alternative to increase bandwidth beyond the I^.5-Gbitys 
rate on a single optical fiber The increased demand for 
bandwidth has forced a reevaluation of network designs 
and the development of network topologies based on 
wavelength-di\isioii multiplexing ( ^\T)M). The challenge 
for today's netw^ork designer is to exploit more of the 
bandwidth of tiie fiber* 

The way information is physically encoded onto the trans- 
port layer invoh^es a number of trade-offs between utiliza- 
tion of existing infrastructures, investment in new tech- 
nologies, and scalability of the network. Traditionally, a 



single optica] carrier per fiber has been used in fiber-optic 
networks. Originally, optical nel works were based on 
direct detection receivers and rcgen(?ration at periodic 
inii^rvals along the core. I>ater research pointed towards 
the use of coherent receivers to increase the distances 
between regenerators J '^ This was quickly put on die back 
burner with the emergi^itcc of Lhe erbium-doped filjer 
amplifier (EDFA).^^ The EDFA provides low-noise, polar- 
ization independent optical gain 1 o overccmie propagation 
losses in the fiber ( — 0,3 dB/km). hiitial systems employ- 
ed purely single-carrier infonnation transport based on 
time-division multiplexing (TDM) until it became appar- 
ent that increased capacity coiilrl be fM^ononiically imple- 
mented with a \\TJM overlay on the existing TDM network 
structure. 

The goal of network designers is to use the riglil combina- 
tions of optical carriers and data rates to maximize the 
network perfoimance in terms of reliabilityj cost, and 
future growth. In the next sections, we will discuss 
TDM and WDM teclmiques used to obtain higher data 
throughput and issues associated with deployment of 
these lec:hniqiies. 

Time-Division Multiploxlng 

TDM has been the traditional methud for combining infor- 
mation chtmntils. This approach is illustrated in Figure 7. 
Increased data rates are made possible by interleaving 
more and more pulses while shrinking lhe pulse width at 
the same time. This is similar to packing more cars on a 
single -lane highway with a fixed speed limit. At a certain 
point we must shrink the size of the car. Similarly, as the 
pulse packing increases ^ the electronics must operate at 
liiglier and liigtier frequencies to accommodate the shorter 
pulse widths. 



Figure 7 

Time-division muitipfexing (TDM}. 
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Starting from the most fimdamental data rate, the voice 
tali the TDM system combines other calls through inter- 
leaving or multiplexing. The 64-kblt/s call, referred to as 
a DSO, is multiplexed with 23 other caHs for a total of 
1.544 Mbits/s. which is designatf^d as a Tl (Figure 8), The 
next level up is the T3, which represents a data rate of 
43.008 Mbits/s. Add about 7 Mbits/s for overhead and we 
have the first optical earner (OC) designation, OC-1. 

With the evolution of standards in various parts of the 
v\ orlci. ciifferent nomenclatures and rates have been desig- 
nated. At higlier data rates, these standards have merged 
into the SONET/SDH designations. A compiuHson of the 
most conmion SONET liierarchies is shown in Table II, 
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Table£ 

>^jSET Signal Rotes 






Electrical Signal 


Optical Signal 


Data Rate 

(Mbits/s) 


STS-1 


OC-1 


51,84 


srrs^ 


OC-3 


155J2 


STS^12 


OC-12 


622.08 


STS-48 


OC-48 


2488 1 


STS-I92 


OC-192 


9953 



The lower-rate OCs are multiplexed together to form the 
0C48 traixsmlssion at a rate of 2,488 Gbits/s, 0048 rates 
are practical with today's technologies and OC-192 Ls in 
early deplojTnent . Obviously, a great deal of multiplexing 
is required to achieve these data rates. As the data rate 
increases^ so does the cost of the electronic terminal 
equipment that con%^erts the optical signals to electric-al 
signals and demultiplexes the data to lower rates for elec:- 
tronic switcliing and routing. Other challenges also present 
tliemselves at high data rates, particularly the dispersion 
in the optical fiber. Fiber dispersion places limits on the 
permissible channel bandwidth to keep pulse distortion 
to an acceptable level. 

Rbor Dispersion. The problem of dispersion is tied to the 
bandwidth thai the signal occupies. C.liromatic dispersion 
refers to the Irt^quency dependence of the velocity of liglii 
in the optical fiber. The signal bandwidth scales invei'st^y 
with twice the pulse width for NRZ fnt)nretum-to-zero) 
transmission. The frecjuency chir|) of a directly modulated 
laser signilicantly increases the bandwidth occupied by 
the signal. Chirping refers to the unwanted optical carrier 
frequency excursions created during ititeiuaity modula- 
tion. ^^^^^ The magnitude of the rhirf) increases with the 
pulse rate. Tlie cliirj>ed optical pulses propagating along 
the fiber are spread out by tlie combined effects of linear 
and nonlinear dispersion hi the single-mode optical fiber. 
Eventually, i! becomes dilflcult \u distinguish beiween a 
logical 1 and a logical as the dispersion causes the pulses 
to overlap in time. 

Given thai the dispersion of the installed fiber is fixed, we 
must apply disj)ersion compensatitnt or rediK*e the band- 
width occupied by the c ban net The bandwidth is r(^du<*ed 
by minimizing transmitter ciiirp and employing different 
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encociing techniqites. Low-clurp electroabsorption and 
Mach-Zelmder modulators have been developetL Eloetro- 
absoiptioii moduiaiors aie integrated with DFB (dislrih- 
uted feedback) lasers to eliminate the extra fiber coupling 
required with external modulators, Tliese devices provide 
low negative chirp to help compensate for pulse spreading 
caiLsed by the Ken' effect.^^ 

Approximately 95% of the world's installed fiber base has 
its dispersion zero near 1310 nm.^ At the low-loss wave- 
length of 1550 nin, tlus fiber h^is a dispersion of approxi- 
mately 17 ps/nm ■ km. A simple relationsMp estimates the 
maximum span length allowed by linear chromatic disper- 
sion spreading effects on the transmitted signal: 

T _ 0.8c 



DB^A- 



where c = 2.997925 x 10^ m/s is the velocity of fight, D is 
the dispersion parameter, B is the bandwidth^ and k is \hv. 
wavelength of the fight. This relationship is plotted in 
Figure 9 for a wavelength of 1550 nin for standtu:*d non- 
disp erst on-shifted fiber as weU as for tlispersion-shfited 
fiber with dispersion of ~ 2 ps/mn ■ km. 

Obviously the use of 5!iero-dispersion fiber would increase 
the maximimi TDM rate. However, there are two compel- 
fing reasons not to use it. One is that installing new fiber 
under the ground is quite expensive^ and the other is thai 
zero-dispersion fiber is incompatible with present WDM 



Figmx^O 

LinQ limitation resulting from uricompensated chromatic 
dispersion as a function of bit rate. 
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technology because of four-wave mixing effects,"^ An 
alternative and promising method is to compensate for 
the fiber disfjersion. 

Dispersion Compensation. A number of teclmol ogles are 
being investigated to reduce the pulse spreading m TDM 
linl^. Diivpersion compensating fibers with spi^tual core 
designs are fabricated to yield Uie reiiuin^d wavelength 
dependent time d(flay to compensate for standard tele- 
con^munications fiben^^ Dispersion compensating fiber 
lengths on the order of 10 km are required to compensate 
for the mstalled-fiber dispersion characteristic for t^^Dical 
spans. Some issues encomitered with the dispersion coin- 
pensatii\g fiber t**ehnique include insertion loss, polai^iza- 
tion-mode dis]jersion, aiul Kerr-effect nonlinoarity. Disper- 
sion crompensating ril>ei's are often c^hjiracterized by a 
figure of merit that describes the ratio of the dispersion to 
the loss. The loss of the chspersion compensating fiber is 
approximately 0. 1 dB per compensated -span kilometer 
Research is being directed towards improving the disper- 
sion compensating fiber performance through careful 
fiber waveguide design. 

Another approach uses the filler Bragg grating. The phase 
response? vci^us frtx|ut^m:y for the* fib(^r Bragg grating am 
compensate for fiber dispersion. Both reflection-type and 
long-period transmission gratings are under consider- 
ation. As an exiimjjle, in Figure 10 a fit>er Bragg grating 
is usc^d in cor\jimc"tion witii an opfical circulator to com- 
pensate for fiber dispersion. Its operation is as follows. 
The circulator passes light in ihp direction of the arrow 
firom port 1 to pod. 2. Tlie liber Bragg grating is a refiec- 
tive type with a wavelengtii delay tliat compensates for 
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the wavelength dependent dela^' of the fiber span. The com- 
pensated light then goes to the output* port 3. In this way, 
dispersion compensation is achie\'ed with as little as 2 dB 
of optical path loss. Research is ongoing to extend the 
bandwidth over which the dispersion con^sensation can 
be employed. Multiple wavelengths can be independently 
compensated with separate fiber Bragg gratings. In a re- 
cent experiment, 60CX) ps/nm, or equivalently, compensa- 
tion for 5000 km of nondispersion-shlfted fiber, was dem- 
onstrated by a group at the Univemty of Southampton.^^ 

Dispersion compensation has allowed a significant in- 
crease in TDM rates using installed fiber However, the 
cost of the terminal equipment including transmitters and 
recoivors increases significantly at the higher bit rates. 
A way to aclueve the increased aggregate bit rate using 
lower-bandwidth optoelectronics is to add a WDM overlay. 

WavBlefigth^DivislDn MultipldMing 

The push towards WDM is being driven by cost consider- 
ations. The ability to compensate for cliromatic disper- 
sion combined vtith the ex[)ense of higli-speed receivers 
makes WDM an appealing candidate for realizing the re- 
quired aggregate data rates. While TDM is analogous to 
packing more cars on a single-lane highway, WDM adds 
more lanes io tlie liighway. 

Wavelength-division multiplexing pennils tme access to 
tlie tremendous bandwidth available from single-mode 
optica] ftber The available bandwidth is illustrated in 
Figure 11. The fiber itself siippnrlH approxiinaLely 
25,000 Gilz of bfindwidth. This bandwidth Ls l.\incally bro- 
ken up into two bands, centered at 1*J00 nni aiul looO um. 
The li550-nm band overlaps fortuitously wiili the gain 
spectrum of the erbitmt -doped fiber amplifier (EDKA) as 
shown in Figure 1 1, In the region around 1550 nm, 
approximately 5000 GHz of gain bandwidUi is available 
from the erbium doped fiber amplifier f EDF/\). The EDFA 
is sinifjly a length of optical fi.i)er whost* center is doped 
with erbium ioiis, Pmuping the fiber with a laser operating 
at 980 nm or 1480 nm causes the ions to absorb the pump 
energy. Later, the Urns give up tlie energy to the incomitig 
i550-nm wavelength signal, resulting in amplification. 
Optical gains of 30 dB ai^d noise figures of ~ 5 dB are 
routinely aclueved fiom EDFAs. making them nearly ideal 
de\ires for overcoming the propagalion Itjss in oi)tiral 
fibers. For WDM applications, the broad gain banilwidtli 



Figure 11 
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The fib^r nself supports approximat&iy 25M00 GHz of band- 
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of gain bandwidth is available from the erbiunj-doped fiber 
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of the KDFA makes it capable of sinmltaneous ainplillca- 
tion of many wavelength channels. This is a crosl-effetrtive 
use of the EDFA. 

WDM temiinals consist of multiple, independent TDM 
transmitters at different wavelengths in the l550-mn band 
and an equal number of independent TDM receivers, as 
shown in Figure 12. The outputs of the* transmifters are 
optically multiplexed together onto a common output 
interface to the optical transmission netw^ork. The optica! 
inpol to the WDM terminal is optically demultiplexed aiid 
the separated signals are fed to TDM receivers. 



Figure 12 

Wavefength-dlvision muitipfexing (WDMI. 
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WDM can be considered as a way of summing together 
numy TDM channels on a single fiber. The* alternative 
solution would be to lay more fiber, which is costly. 
Increasing the aggregate trarLsmLssion rate using WDM is 
technically viable and cost-competitive. Increasing TDM 
rates from say, 10 Gl)it.s/s to 40 Ghit.s/s is veiy challenging 
by today's techrdcal standards. On the other haiid, using 
four WDM channc^ls at 10 Gbits/s to achieve an aggregate 
rate of 40 Gbits/s is feasible. 

WDM is making tlie "tc^ra era" a reality. Laboratories have 
already demonstrated transmission capacity beyond 
1 Tbits/s on a single fiber. ^'-^-^^ In a recent laboratoiy 
experiment, 132 lasers were combined onto a single fiber 
to txansmit irifonuation at a ^.6-terabit-per-second rate,^^ 
The tremendous progress in trans niission capacity of a 
single fiber is shoi^Ti in Figure 13, which shows labora- 
toiy WDM achievements over the last couple of years. 
Going beyond 6 Tl>its/s on a single fiber will probably 
require adding another wavelengtli band such as 1300 mn, 
or a signifif:aiit widening of Uie 1550'nm band. 



Figure 13 

Year-to-year damonstrBtBd WDM transmission rat&s. 
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WDM Network Elements. To make WDM systems poasible, 
a nujuber of nt^w comi)ontm1s are required to i>(»ifomi opti- 
cal aniplifi cation f wavelength multiplexing, and routmg. 
For example, wavelengths can be sepai*ated from the data 
stream using optical add/drop multiplexers (OADMs). 
OADMs and optical crosscoiuuict switches are also envi- 
sioned for future wavelenglJi-routed networks. 

A key element in WDM networks is the ED FA, which pro- 
vides nearly wavelength-transparent optical gaiii.^'^ As a 
result, the ED FA gain spectrimi has detenumed tiic wave- 
length hand of WDM systems. The EDFAs aie placed 
along the links at varying mteivals depending on the data 
rates, system quahty, and other factors. A separation of 
SO km is very reasonable. It is important that the EDFA 
gain response be fairly constant across the wavelength 
span of interest. If it is not, chaimel-by-chaimel power 
compensation is required in long-liaul networks. 

The 1300-nm telecomniunicaOons window is also avail- 
able, since the fiber loss is still quite acceptable there. At 
tills wavelength, however, optical amplifiers have not been 
able to achieve the spectacular results obtained by EDFAs 
at 155Q nm. Some candidates include gain-c; lamped polar- 
ization independent semiconductor imiplifiei's, praseo- 
dymium or neodymimn fiber amplifiers, or Kaman-effect 
fiber amplifiers.^^ 

While it is beyond the scope of this paper to discuss 
each element of the WDM network in detail, the sunmiary 
in Table HI provides a partial list of the network ele- 
ments available to system designers and the technologies 
involved.^^'^^ 

The use of specific technologies in realizmg certain net- 
work elements depends on the requh^ements for network 
transparency. Id*?ally, an all-optical network c:onld provide 
data-rate-transparent operation, allovdng easy upgrade to 
higher data rates- In such a nt^t work, wavelength conver- 
sion would have to be perfonned vtlth all-optical metliods. 
Optoelectronic regeneration has limits on bandwidth set 
by the detection and regeneration circuitry and would not 
be strictly transparent. Discussion conthiues on the need 
for transparenc*y in view of the difficulties of coherent 
cross talk and vendor inter operabilty associated witli 
transparent network designs. 
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Table III 








Wim ypfurn-k Elements 








Device 


Abbreviatlofi 


Fundi an 


Technologies 


' Erbiuni-doped fiber amplifier 


EDFA 


Provides flat gain specinnti to 


Silica-based or fluoride-based 






WDM channels 


fibers, laser pumps 


Miilti plexer/demtiltiplexer 


MUX/DMTX 


Combines/separates multiple 


Wavc'gidde an'ays, zig-zag filters^ 


! 




wavelength channels ont a/from 


inlerfenf*nce filters, diffi action 






a single fiber 


gratings, fiber gratings^ fuse 
couplers 


Wavelongtii add/drop 


WADM 


Adds or drops one or more 


Fused couplers, interference 


multiplexer 




wavelength climmels without 


filters* circulators and fiber 






terminating the entire layer 


Bragg gratings, MacJi-Zehnder 
interferometers 


Wavelength interclmnge 


WIXC 


Crossconne<:ts signals with 


Optoelectronic regeneration, 


CrossConnect 




allow^ance for wavelength hiter- 


cross-gain modulation, optical 






chaiTge 


non line ar ity, mechanical 


Wavelength-selective 


wsxc 


Crossconnects individual wave- 


Fused couplers, inteiference 


CrossConnect 




lengths without wavelengtii 


filtei^, cLrculatoi's and fiber 






interchange 


Bragg gratings, Mach-Zehnder 
inteiferometens 


Optical CrossConnect 


oxc 


Optical signal sv^itching 


Electromechanical J electrooptic 



WDM Challenges. Other chaHenges facing WDM networks 
relate Ui o]jtical freciuency Htandardsand network wrchi- 
tectures. Setting wavelength and frtn^uency standards is 
chalU^nging in a competitive environment. The stability 
requirement on laser center wavelengths is stringent \^ith 
narrow chamiel separations. It is further complicated by 
physical phenomena such as four- wave mixing, w^hich dis- 
courages the tise of tmiformly spaced chcumel frefiuencies. 
Currently, tlie ITL'-T (Intcniatlonal Teleconmnuucations 
Union, imder Unitpd Nations charter) has allocated wave- 
length channels on a frequency grid with IQO-GIiz spac- 
ings referenced to Wll THz, This is helpful, bnt noting 
the approximalely 5000 GHz of available bandwidlh. the 
possibilities are still hmited that vendors will choose the 
same points on the grid for Iheir 16-channel systems. 
The ITU'T optical frequencies and their respective wave- 
lengths from 1530 nm to 1560 nni are shown Table IV. 

Four-wave mixing, in which the nonlinear behaiior of the 
optical fiber causes different chaimels to mix, causes prob- 
lems by scatteriJig signal power to other wavelengths.^^* 



Low-disper'sion fiber, while helpful for TDM, increases the 
efficiency of the nndestrable four-wave mixing. Therefore, 
WDM links must be designed to have local dispersion to 
reduce four- wave mixing but achieve low^ global disper- 
sion. Dispersion maps showitig the dispersion with dis- 
tance along the link are commotily used as part of Uie link 
design.^^ 

The complexity of netw^ork management for WDM systems 
can vsLiy tremendously depending on the architecture. For 
point-to-point WDM systems, the majiagemenl is not un- 
like a network that simply added more fibers along a span 
instead of using WDM. In transparent networks, on the 
other hand, signals pass without Ijandwidth limitations, 
wliich implies no optoelectronic regeneration. Thus, 
transparent networks require wavelength interchange and 
switching capability allowing wavelength reuse. The man- 
agentent of transparent networks is considerably more 
complex and is still in active investigation. 
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Table IV 








ITU-T Standard Opfiral Prvguencies 




Frequency 
(THz) 


Wavelength 
(nm) 


Frequencv 
(THz) 


Wavelength 
(nm) 


1&2J 


1560.61 


1941 


1544.53 


192.2 


1559.79 


194.2 


1543.73 


192.3 


1558.98 


194.3 


1542.94 


192.4 


155817 


1944 


1542.14 


192.5 


1557.36 


1945 


1541.35 


192.6 


1556.55 


194.6 


1540.56 


192.7 


1555.75 


194.7 


1539.77 


192.8 


155494 


194.8 


1538.98 


192.9 


1554.13 


194.9 


1538.19 


193.0 


1553.33 


195.0 


1537,40 


193.1 


1552.52 


195,1 


1536.61 


193.2 


1551.72 


195.2 


1535.82 


193.3 


1550.92 


195.3 


15:35.04 


193.4 


1550.12 


195.4 


1534.25 


193.5 


1549.32 


195,5 


1533.47 


193.6 


1548.51 


195.6 


1532.68 


193.7 


1547.72 


195.7 


1531.90 


193.8 


1546.92 


195.8 


153 L12 


193.9 


1546.12 


195.9 


1530.33 


194.0 


1545.32 


196.0 


1529.55 



Conclusion 



Coninumications traffic iii the world's fiber-oiitk- backbone 
network Ls growing more than 10% per year. The? gro\^i h 
rate shows promise of accelerating further. Ever-increasing 
con\inuni cations bandwidth demands prompted by voice, 
fax, \ideo, and Internet activity are being met by an array 
of technological imiovations. Higher" TDM transmission 
rates combined with WDM overlays have provided an eco- 
iiomif:al alternative to putting mr^re fiber in the groimd, 
De\'elopment of standaids for WDM networks v^ill allow^ 
the possibility of interoperability bet%veen equipment from 
different manufacturers. 
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Data Transmission Schemes for Higher-Speed 
IEEE 802 LANs Using Twisted-Pair Copper 
Cabling 



Steven G, Methley 



Alistafr N.Coles 



Errc Deliot 



Transmission at 424.8 Mbits/s using Category 5 cable can meet both industrial 
and the more stringent domestic emissions regulations. The design is robust 
in operation and the complexity is not much greater than that used for the 
100-Mbit/srate. 



I 



, n October 19&5, two new lOO-Mbit/s local area network standards were 
published by the Institute of Electrical and Electronics Engineers: IEEE 802. 12, 
based on a demand priority (DP) access method, and IEEE S02.3u, based on a 
collision sense multiple access/collision detection (CSMA/CD) access method. 
Subsequently, there has been much interest in intTeajsing the operating speed 
of these st*mdai"ds beyond 100 MbiLs/s.^ This imposes design challenges for the 
two media involved: optical fiber and copper cabling. Oplical-fiber-based 
approaches are discussed elsewhere in this issue. Here we will examine 
schemes that are designed to use existing cropper cable installations, specifically 
data-grade cable. Category 5. Tliis cable is already installed in locations that 
have followed building wiring standards. 

A critical objective for the copper solution was to cost less than the fiber 
solution and this meant low complexity was required. We show that 
transmission at 424.8 Mbits/s using Category 5 cable can meet both industrial 
and the more stringent domestic emissions regiUations, Furthermore, the 
design is robust in operation and of a complexity not greatly in excess of 
that used for the lOQ-Mbit/s rate.^ The data rate of 424,8 Mbits/s is equivalent 
to the Fibre Channel rate of 531 Mbits/s before 8B10B coding (map]>ing 8 bits 
to 10 bits) and w^as chosen in anticipation of other IEEE 802 physical layers 
(PHYs) also following the route of compatibility with Fibre Chaimel speeds 
to leverage existing components. 
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Compared with fiber, a copper system has a number of 
problems peculiar to it. A long metallic conductor is 
prone to act as a radio antenna and this could lead to 
interference with other equipment (emissions) and im- 
wanted pickup from other equipment (susceptibiMtj-), In 
addition, the copper cables are isolated by transformer 
coupling to avoid ground loops and other mi desirable dc 
effects. These properties together with the transfer char- 
acteristic of the cable detemiine what can be successfully 
transmitted over the cable in a real -world en\^ronment. 

Arctiitectiirai Requirements: Speed, Bicfirecttonaiity 

In 'A shared-medium access method such as DP or CSMA/ 
CD J full-duplex data transmission is not possible, since 
only one station (or none) has access to the shared chan- 
nel at any point in time. However, half-duplex data trans- 
mission is suitable and an important refmement is pos- 
sible. Network control traffic, including, for example, 
requests for access to the shared media, can be allowed 
to travel upstream when datii flow is dov^Ti^streani, or vice 
versa. This helps the cffK'icncy of lite network, making it 
into a hybrid duplex scheme in which data and control 
can Oow simultaneously in opposite directions, but neitJier 
is fuU-duptex/^ 

Having four pairs in one Category 5 c;able means thai there 
are alternative tluplcxiug schemes \o the tiadilionaJ single- 
channel frequency-division multiplexing (FDM) or hybrid- 
pi us-ecbo-can cell er approach. The bandwidth of one pair 
can be dedicated to a reverse control-signaling channel 
with the remaining tliree pairs for the forward data 
channel. This 3 -I- 1 scheme creates an asynunetric duplex 
scheme iu tenns of the bandwitith available in vkuh dtrtH'- 
tion. i laving ihe still rc^lativcly high bLuidwidth of a siJigic^ 
pair for control signaling is usefid not because control 
traffic is higli-band width but because prompt detect ion of 
control codes is advantageous in terms of network perfor- 
mant^e. Asynmietric duplexing using selected paiiTi Is nota- 
bly less complex than FDM or hybrid plus echo canceller 
because of i hv lower (M)mpouent count. As shown in 
Figure 1 , only two of the four paii^ need be half-ckiplex; 
the other two c<m be simplex, Neai"-end crosstalk (NEXTJ 
is no longer the dominant noise source in this Category 5 
system as it was In the Category 3 lQQ-Ml)it/s systems/^ 
Exten^tilly indticetl noise is cioniinaiit. Having a solution 
without POM, echo cancellation, or NEXT cancellation is 
the pivotal step in forming a Ujw -complexity system design. 



Speeds greater than 100 Mbits^s are of interest for extend- 
ing the existing stajidards, and in particular, speeds 
matching the fibre Channel rates offer the possibility of 
levera^ng existing components including drivers and 
clock recovery circuits. The first two Fibre Channel rates 
offering a marked speed increase over 100 Mbits^s are 
531 Mbits;/s and 1062.5 Mbits/s. However, these include 
the overhead of an SBIOB code designed assuming a 
single serial transmission mediiniL Since the copper solu- 
tion divides the dal^ amt}ng three pairs, the 8B10B code 
could be replaced with something more appropriate for 
this application. The raw data rates for the two Fibre 
Channel rates then bet^ome 424-8 Mbits/s and S4*).t) 
Mbits/s, Extending these rates to the 3 -i- 1 asymmetric 
duplex scheme gives per-i)air rates of 141.6 Mbits/s and 
2a3.3 Mbits/s. 

Signaling: IVIultilevel Signaling, Coding, Control 

Earlier work^ had shown that transmitting basic NKZ data 
at 155 Ml:)iis/s was m\likely to satisly domestic emissions 
regulations (e.g., FCC B) and miglit e\en prove problemati- 
cal m nieetmg the less stringent indttstrial regulations 
{e.g,, FCC A). Regulations begin at 30 MHz, so reducing 
transruitter spectral energy above this frequency is an 
obvious appro act I to leducing emissions. Tiiu.s, a per-pair 



Figure 1 

ThB3-^ J hybrid duplBX scheme.^ fa) Data transmission to 
ths right, (bj No data transmission, (c) Data transmission to 
tiie ieft. 



Conirol 
Data 
Data 
Data 




3+1 



ia) 



Cofitrot 



Conlfdl — ^ ^ 




Ibl 



Data ^— 

Data — 

Data -« — 

ContrDl — *• 



■^ •*• — CDntml 



— " Control 



Oaia 
Qaia 

Data 
Contra I 



3 + 1 



(c) 



December 1397 * The Hewlett-Packard Joumfll 



)Copr. 1949-1998 Hewlett-Packard Co. 



Figure 2 

PAM noise margin as a function ofPAM index (mj for a data 
rate of Ht.6Mbits/s.^ 
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rate of 283.3 Mbits/s innnediately seenis far less suitable 
for a copper implementation thaii 141.6 Mbits/s, Several 
baiKlwidth compressing modulation schemes were studied, 
including quadiatmo amplitude modulation (QAJVl), partial 
response (PR) classes 1 and IV, and pulse muplil ude modu- 
latiou (PAM) J^^ QAJVl is a Iwo-diiuensional scheme requii'- 
ing complex in-phase and quadrature Jiiters, and wltile PR 
htLS gooti bandwidth compression, this clonics at tlie ex- 
pense of clock recovery. PAAl requires dc balancing but 
is a relatively straiglitforward scheme lo implement and 
when m levels are used reduces bandwidth requirements 
by log2(m). If excess bandwidth a is also reduced below 
100% then an extra factor (1 + u)/2 is gained to give the 
overail relationship: 

Transn^tter bandmdth = b^t rate ^^ ^ ^ ^ .g). 

Using the measured external noise level (discussed later), 
noise maigin was caJculated for PAIVI systems from 2 to 16 
levels with 80% excess bandviidtli, 10()-m Category 5 worst- 
case attenuation, and a per-pair bit rate of 141.li Mbits/s. 
Figure 2 shows the noise mai^gui plotted againsl baufl 
rale, or equivalently, PAM index at the given data rate. For 
these calculations, equal peak transmitter voltage was 
assmned regai'dless of nmuber of levels. Also shov^Ti ai"e 
Lhe maximum receiver gain and the symbol separation 
that were used to calculate lite margin. A comparison of 



the transmitter spectra for 2-level, 4-level, and S-level PAIVI 
art^ shown m Figure 3, wliere a fair roni]>arison has lieen 
introduced l>y adjusting the transmitter output voltage to 
yield the same noise margin at tlie receiver in each case. 
The start of emissions regulations is marked by the dotted 
line at 30 MHz. ( -learly, 8-level PAM has lower energy 
above this frequency. 1 o determine if the transmitters will 
actually pass the regulations, EMC measurements are 
required, which must also include the cable. 

The absence of a dc response is a problem for a b^jseband 
system such as PMl, but can be solved by the acUlition of 
a balancing block code having the property of reducing 
the nmning digital sum (RDS, the sum of transmitted sym- 
bol levels), which redu<*(*s Ifjw-frt^quency components. A 
block code that hns more codewords itum data words — - 
that is, redundaJicy — allows control signaling to be readi- 
ly incorporated into the transmitted symbol stream. Block 
codbig can also ensure a high transition density, which 
aids clock recovery schemes. 

Table I shows five possible block codes. ^ The best all- 
ai'ound codes are 8B3N (mapping 8 bits to 3 rtonary or 
9-level symbols) and l(jB^)0 (mapping 16 bits to 6 octary 
or S-level sjTubols) since, in adtiition to good bandwidOi 
compression anc) redundancy; the inputs aie multiples of 
eight bits, which can lead to implementation convenience. 
Additionally, in the 8B3N case, tlie RDS at a codeworti 
boundary is constrained to be between — 4 and 5. Choos- 
ing a subset of the 8B3N code for data allows inband con- 
trol signaling, and if the subset is suitably constrained, tlie 



Figure 3 

2-level 4' level and 8'lB\/el PAM transmitter spectra for 
equal noise margin.^ Only the first lobes of the spectra 
are shown. 
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Table 1 












Propeiiies 


of Possible Block Code Options^ 










Ou^ut 


Bafiilwidth 


Redundancy 


Bayd Rate (Mbaud) for 




Code 


Levels 


Compression Factor 


Factor 


Bit Rate of 141,6 Mbits/s 


Comments 


3B10 


S 


3 


1 


47.2 


Cannot balance 


8B30 


8 


2.67 


2 


53.1 


Byte aligned 


10B4O 


8 


2.5 


4 


56.6 




8B3N 


8 


2.67 


2.85 


5:3.1 


B>te aligned 


16060 


8 


2,67 


4 


53.1 


Word aligned 



* Redundancy factor- number of otitpi^t permutations tiivided by number of input perrnutations 
specrtral magnitude of the control codes does not greatly 
exceed that of tlie data (see Figure 4). FinaDy, by ensur- 
ing that the control codewords have a Hanm\ing distance 
of two with respect to data codewords, then single error 
events will always be detectocl in the contiul codewords. 
When 8B3N is encoded, tlie per-pair rate of 141.6 Mbits/s 
equates to a symbol rate of 53.1 Mbaud. 

Electromagnetic Compaf ibility (EMC) 

Electromagnetic compatibility was one of the first areas 
to be investigated and measurements were performed 
before the 8B3N code had been chosen for live system. 
To evaluate the general effectiveness of FAJVl liandwidth 
compression with respect to emissions, uncoded 8-level 
PAM was used for the measurements at 50 Mbaud, ^''^^^ 



Figure 4 

Spectra of3B3N data and control sigmllng.- 
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Enropeaji (EN) and U.S. (FCC) emissions regulations limit 
the radiation level that the system can be allowed to gen- 
erate (see Figure 5), The industrial Class A levels are 
10 dB less stringent than the domestic Class B levels 
shown. 100VG-AjiyL\N'^ used all four pairs of the cable to 
good effect by sending only 30 Mbaud on each pair, hence 
staying below the emissions limits. However, at higher 
rates this is not enough; even using ail four pairs for data, 
the per-pair rate is 125 Mbits/s for 500 Mbits/s total, and 
using Oie 3+1 scheme, 141.6 Mbits/s is reqnirecl Tltis 
would require a bandwidth in excess of 30 MHz using 
100VG-AnyL/\N signaling. Bearing in mind that some bal- 
aiicuig overhead would be required, 155 Mbits/s NKZ and 
50 Mbaud S-ievcl PAM were convenient rates to be investi- 
gated in terms of eniissions. 

EMC measurements were made to asceitain the levels of 
radiation and susceptibility of the Category 5 cable so that 
the resuJtft c!ould bo ust»d to examine the trade-off between 
bandwidth improvement and increased noise susceptibihty 
when mo\nng to a multUevel system. A 100-m length of 
Category 5 cable including short patch cords and a punch- 
down block (connector block) was tested with 150-Mbit/s 
and 50-Mbit/s binary data and a prototype 50-Mbaud, 
S-level PAM source. Transmitter output level was IV peak- 
to-peak into 50 olmis and L4V peak-to-peak when matched 
to the 100-ohm Category 5 transmission line using a balim. 
In each case the free cable was womid nonmductively on 
a l-m-by-i-m w^ooden frame. Emissions were measured at 
3 meters with each transmit tcr and suscejilibility was 
measured when the cable was subjected to a standard 
3V/m field. The field strength was leveled at each of 1 1 
spot frequencies using a pair of optically coupled field 
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Figures 

FCC and EN emissions reguiBtions.^ 
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probes before each measurement- The results are shown 
in Figure 6. 

Note that externally induced noise is the nu^or noise source 
in 1 he Categoiy 5 lialf-duplex system under coTxsideration, 
priiifipally due to the low level of cross talk. Figure 7 
shows tiiat the 155-Mbit^s case breaks the FCC B emis- 
sions mask (hai^ely), whereas Figure 8a shows that the 
50'Mbit/s case does not. The emissions mask has been 
adjusted to account for the EMC measiuement site atten- 
uation and is thus no longer flat with frequency- 

The prototype 50-Mbaud trajce (Figure 8b) shows some 
clock brealcthrough, but otherwise meets the mask. The 



Figure 6 

Measured induced noise levels in a 3V/m field. ^^ 
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breakthrough is a result of prototype constmction rather 
than a feature of the code. Development of the prototj^e 
would enable the spectnmi to approach the 50-Mbit/s 
trace from tlie test instrument (Figure 8a), which is 
shown for comparison purposes. The 155-Mbit/s EMC 
data was within 1 dB of emissions measurements made a 
few yoais carher for presentation to the ATM Formu.^ 

The Channel: Cable and Tranaformer^ 

Tlie measured frequency and phase responses of a sample 
100-m Categoiy 5 chaimel and trai\sfonners are showi\ in 
Figures 9a and 9b. Note the increasing attenuation with 
frequency, the absence of a dc response, and the nearly 
linear phase slope. The phase slope equates to a time delay 
of 0.486 \{S wliich, as expected, is equal to the transit time 
of 100 metei's of cable assmuing a propagation velocity of 
Jc. Oversampled FIR (fmite impulse response) models 
of tlie measured and E1A/TL\ 568 worst-case charmels 
were generated for simulation purposes, and the measured 



Figure 7 

Measured 155-Mbit/s emissions with FCC 8 limit overlay.^ 
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Figures 

Measured emissions with FCC B limn overlay,^ (a) 50-Mtft/s 
NRZ. (bf 5Q'Mbaud8-feve! PAM. 
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case is shown iii Figure 9c. The rather long de?lay l:o the 
punctual tap of ihis impulse response Ls 192 taps x 
1/400 MHz ^ 0.48 us, equal to the cable delay as before. 
The decay after the* punctual tap is the result of the low- 
pass nature of the cable and the very smah final tail, 
which is offset below zero, is a result of the low-frequency 
comer introduced by the transformers. 

Simulation 

Figure 10 shows the simulated data transmission path. 
Tlie functional blocks were writen using tlie MATLAB 
package. Transmitter block coding was 16B60 or 8B3N, 
finite precision was used for the signal conversion 
blocks, and the receiver was coiifigured to use a refer- 
ence clock. Both T-spaced (baud-spaced or synchronous) 
and T/2-spaced FIR filter equalizers were used, using the 
gradient LMS (least mean squares) algorithm in reference- 
directed mode for convergence and including finite- 
precision effects. 

A T/2 fractionally spaced equalizer was preferred for its 
insensitiiity to timing phase (due to the absence of aliased 
band-edge components). If a lower samphng rate had 
been preferred, a T-spaced equalizer could have been used 
at the expense of slightly more clock recovery complexity- 
The simiUation was used to study the performance of the 



block codes for varying degrees of transformer low- 
frequency loss. 

The 3-3-1 scheme was used with a bit rate of 141.6 Mbits/s 
on each pair, giving a bandwidth over the three data pairs 
of 424-8 Mbits/s, which corresponds to the 531-IVIbit/s 
Fibre Channel rate without 8B10B encoding as descriiied 
above. Mapping 16 bits to 6 octary (8-leve!) symbols or 
mapping 8 bits to 3 nonarj^ (Wevel) symbols results in the 
same bandwidth compression factor (2.65) and yields a 
symbol rate of T = 53. 1 Mbaud in each case. Transmit 
filtering was root raised cosine with a = 0,8, followed by 
a fifth- order analog Butterworth filter with a cutoff at 
40 MHz.The channel was simulated by the cascade of 
transfoTTnei"s modeled as first-order high-pass filters with 
a cutoff at 100 kHz and cable modeled as an FIR filter 



Figure 9 

Msasured (a) frequency and (b) phase response of WO-m 
typical Category 5 cable to 200 MHz. fa) 305-tap flH filter 
model. 
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Figure 10 

Simulated transmission path. ^^ 
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with a transfer function approximating the worst-case 
propagation loss as set out in ELVTIA 568. 

At tlie receiver a fifth-order Outterworth filter at 40 MHz 
provided anti-aliasing and out-of-hand noise rejection. 
The analog-to-digital converter (ADC) had variable resolu- 
tion and the effect of an AGC circuit was modeled by 
ensuring that the applied signal occupied the full scale of 
the converter. The equalizer stnicturc^ was T/2 and used 



the well-known giadient LMS adaptation algorithm. Inter- 
nal accuracy was maintained at 12 bits aJOiough Ihe coef- 
ficient resolution and the number of taps were variable. 

Figure 1 1 shows the effect of transformer coupling in 
terms of btLseline wander. The system output level dia- 
gram is shown with and witlioul a block code, (.learly the 
baseline wander in the first case is intfilerably high. 



Figure II 

Output ievei diagram (a) without and ibj with WB60 block codo. ^ 
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Figure 12 

frequency responses ofcabla, digital transmit fifter, ana fog 
U-ansmitMer, and equalizer 
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Figure 13 

Margin as B hf nation ofT/2 equalizer length wittt tO-bh 
coefficients (12 mternai} for B-bil 7-bit, and 8-bnADQs- 
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To compart^ the results obtainetl with different nimibeiB 
of taps and resolutions, the metric of SNR iiiargiii over 
BER = 10^ ^^ was used. A positive margin of x dB indi- 
cates tliat the system has exceeded the signal-to-noise 
ratio (SNR) required to obtain a bit error rate fBER) of 
10~ **■ by X dB. Below die mO-off region the equalizer 
adapts to whitpn the incoming signal spectnmi, effectively 
inverting the cable response as seen in Figure 12. 

Figure 13 clearly shows that positive margins begin to be 
acliieviKi for systems LLsing at least a 6-bit ADC and at least. 
7 T/2 t^ips. More iiiiportanl, practical margins are possible 
for quite low-complexity systems. As an example, a 7-bit 
ADC used %vith a 2r)-tap T/2 fract ionally spaced equalizer 
oifers a 7J3-dB mai gin beyond a BER of 10 ~ ^^^. Preliminary 
designs targeting HP's CMOS 14 process used an 8-bli ADC 
and a 27-tap filter for each channel to yield a total power 
consumption of approximately 4 watts. Because the ADC 
and FIR elements are critical blocks in the design, reducing 
to a 7-bit data path as in the simulation above woidd help 
ai^ea and power perfonnajice markedly. For c^xaniple, 
reducing the resolution of a flash ADC by one bit halves 
tlie area and power consumption. 



Hardware Demonstraticin 

A basic hardware proof-of-concepi demonstrator was 
constructed using off-the-shelf components followmg the 
block diagram shown in Figure 14. A balrmced 8-lev'el 
transmitter using a basic 5B20 code was written in \TIDL 



Figure 14 

Hardware demonstrator block diagram 
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Figuire 15 

Bye diagram using the simutatsd equalizer. The vertical 
scdle is voltage in arbitrary units. The graph shows rapid 
convergence of the output signal to the quantized levels of 
8-levelPAM. 
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and sjTithesized into aii Altera 7K CPLD (complex pro- 
grammable logic device) and used to drive a digital-toana- 
log converter (DAC) clocked at the symbol rate of 50 
Mbaud. After traversing the channel of KK) meters of 
Category 5 cable and transformers, the resulting signal 
was cloc;ked into an analog-to-digital converter by a 
delayed version of the transmitter symbol clock. Seven- 
tap and !5-tap FIR (fmite impulse response) filter equaliz- 
ers were produced iii the Altera Hardware Description 
Language by niodif^ang parameterized macros to accom- 
modate Uniited-precision effects and odd-order symmetric 
filters. To make the demonstrator much faster than serial 
FIR implementations, lookup tables containing precom- 
puted partial products were used in a pipelmed manner, 
assun\ing variable input data but fixed coefficienls. The 
partial product method is also called distributed arithme- 
tic (www.xiljnx.com) and vector multiplication (www.alter- 
a.com). The FTR device was synthesized into an Altera 8K 
part having 12K usable gates. 

Tlie demonstrator had a T-spaced filter whose coefficients 
were calculated offline using the COSSAP analysis pack- 
age with measured cable data. An eye diagraiii using the 
converged simulated equalizer described above is shown 
in Figure 15 and the taps are shov^ii in Figure 16. \M\en 
running, the demonstrator had no feedback or trinuning 
of coefficient values and relied wholly upon the accuracy 



Figure 16 

Taps for the filter used in the demonstrator Heavy line; 
assy metric taps. Light line: forced symmetry in taps 
(used in demonstrator). 
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of tlie Simulation. This method was adequate for a demon- 
stration, but clearly a feedback algorithm such as LMS 
would be employed in a practical implementation to cope 
wltJi changes in cable frequency response, delay, tempera- 
ture, and othtir parameters. The transnntter clock source 
was delayed and used to clock the receiver, phasing being 
critical because of the Sjnchronous equalizer. Mo\^g to 
fractional spacing would largely remove titis dependence 
on clock phase.*"* 

While the open-ioop nature of the system precluded lorig- 
temi BER testing, tlie resultmg eye diagrains (Tigure 1 7) 
conHrmed the operation of the hardware. 



Figure 17 

Eye diagrams of the received 8-level data. 



■ 










_2a 


r^-j^^ ^3fl 




^> 


^3 


^^'^ f^i 


^^.^ 


s 


"^ 


■nr* ^^m 


&*^ 


§ - 


* 


ife^ 'isl 


DC^ 


■> 


IE? 




^D^fi^. -itmi^ 




"j 


HJA^ -y'^ 


^^^ 


- 


i \ — 


— \ \ \ \ 


\ 4 \ 1 



5 ns/Div 



Oecembef 1997 • The Hewlett- Packard Journal 



)Copr. 1949-1998 Hewlett-Packard Co. 



Cpnciusion 



At a rate of 424.8 Mbits/s it has been shown that a low* 
complexitv^ solution exists for a higher-speed shared- 
mediuni IEEE S02-style physical layer using Category 5 
cable. Neither echo nor NEXT cancellers are required 
and the overall complexity is only slightJy greater than 
current 100-IVIbit/s s>'^stems. The system is designed to 
work on the installed base of Categor>^ 5 cable and is 
capable of meeting both industrial and domestic EMC 
regulations. The data rate facilitates interworking with 
other physical layers using Fibre Channel bit rates. 
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SpectraLAN: A Low-Cost Multiwavelength 
Local Area Network 



Brian EAemoff 



LewisB. Aronson 



Lisa A. Buckman 



The first-generation SpectraLAN module will allow existing 62.5-um multimode 
fiber-optic links to carry four times higher data rates than is possible with 
conventional methods. Four-channel error-free operation at aggregate data rates 
of 2.5 and 4.0 Gbits/s has been demonstrated over distances of 500 m and 300 m, 
respectively. The module is compact and potentially tow-cost. 
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nth desktop computers requiring ever more conmiunications band- 
widlii, fiber optics has become an essential part of the local area netv^^ork 
(LAN), While electrical cables still run to the desktop, fiber-optic links now 
foim tbe network backbone in a rapidly increasing number of office buildings. 
Hewlett-Packard is currently the leading supplier of optical components for 
these fiber-optic LANs, The fastest components for LAN backbones currently 
on the market send data at a rate of 1 billion bits per second (written 1 GbiVs).^ 
As computers become faster and applications become more sophisticatedj even 
higher data rates will be required. However, the type of fiber cuirently installed 
in most buildings may not be capable ^ using conventional methods, of carrying 
data faster than 1 Gbit/s over the required distances. 

HP Laboratories has begmi a project called SpectraLAN to use wavelength- 
division multiplexing (WDM) to enable the currently installed fiber to support 
data rates many times higiier than the conventional limit. Jh a WDM system, 
light firom several lasers of different wavelengths is combined into a single 
fiber. Each wavelength carries an independent signal, which can be as fast as 
the conventional data rate limit for the fiber. At the receiving end of the fiber, 
the different wavelengths are separated and detected separately. In this way, 
the total capacity of the fiber can be increased by a factor equal to the number 
of wavelength channels. 
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WDM has alreacly become quite miportant in loiigKlistance 

relecommumcarions applications (see article, page 19), 
However, size and cost are much more critical in LAN 
applications than in long-distance telecoiTununications. 
The goal of the SpectraLAN project is to develop a com- 
pact, low-cost WDM transmitter/receiver module with com- 
paj^ble size and cost to current HP transceiver modules, 
hut with several times higher bandwidth, 

Nadd for WDM in the LAN 

To understand the details of the SpectraLAN project, it is 
necessary to understand the LAN issues that motivate it. 
The term LAN can be used to describe many different 
t jpes and sizes of netT\^orks, from a small office network 
comiecting tlux*e or four computers to a sen'er and a 
printer, to a campus-wide network connecting dozens 
of buildings. Most LANs have several types of data links, 
as shown in Figuje 1, Workgroup links connect desktop 
computers, printers, and servers to one ancjther and to the 
building backbone, BuJlding backbone links connect dif- 
ferent workgroups within a building to one another, and 
campus backbone links run between nearby buildings. A 
teleconununications link will typically coiinect the LAN lo 
the rest of the world. 

Physically, the variotis link types can be quite different. 
Workgroup Imks are generally shorter than 100 m in length 
and have data rates of 10 Mbits/s to 100 Mbits/s. Copper 



wire, usually in the form of tv^isted-pair, is weU-suited for 
this, although optical fiber is occasionally used. Wireless 
communication may also become usefid in the workgroup 
environment. Because of the short distance and relatively 
low bandwidth required in the workgroup, existing tech- 
nologies will likely be sufficient for many years. Another 
area in which existing technologj^ will likely suffice for 
some time is the telecommimications Unk connecting the 
LAN to the outside world. Such links typically operate at 
lower speeds than the LAN backbone and are carried on 
single-mode optical fiber, which has very high bandwidth 
capacity. 

While single-mode fiber is widespread in teleconuntmica- 
tions, it is somewhat le^ common in campus backbone 
links and almost nonexistcnf in building backbones. The 
type of fiber used in building backbones in the U.S.A. and 
Europe is aLniost exclusively 62.D-Lmi-corp multimode fiber 
Because of its larger core diameter, components and con- 
nectors used in multimode fiber links can have looser 
alignment tolerances, and hence lower cost than those 
used in single-mode fiber links. This larger core also im* 
poses a Linut — a result of modal dispersion, which causes 
portions of the signal to travel at different velocities — on 
the product of bandwidth and distance over multimode 
fiber. At a wavelength of 850 nm, where inexpensive 
lasers are available, the bandnidth-distance limit is ap- 
proximately 300 Mbits/s ' km. Thus, a building backbone 



Figure 1 

O'mgram of a typtaafLAN, showing typlcaUmplBmentatlons for workgroup, building backbone^ and campus backbone links. 
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Figure 2 

Distance versus data rate for some fib&r-optio LAN standards and some possible WDM systems. Also shown are estimated 
LAN requirements and the 850-nm bandwidth-distance limit for 615-fi m muftimode fiber 



155 
Mbits/£ 



3000 

2xm 



E IDOO " 



500 
400 

300 
ZOO 



100 



Cairiuii!i Bai:kl)cirie 



ATM 

FDDI 
VGAjitLAN 

FCSlO-nm 
FC llOO-itm 



Buildjfia 6a{:kbcine 




2.5 
Gi)its/s 

I 1GXl55Mbits/s 
6 VCSEL WDM 



FxisUng and Planned 

Standarifs 
Proposed WDM 

Opportunities 
Today's Network Needs 
Multifnode Dispersion 

Limit 



:i3G0-nmLED -^ 
FC^O-nm VCSEL 



^OCO850'r>m VCSEL 

d? n \ I Mbits/s 

J^ ^ I VCSEL WDM 



16x622 
Mbits/s 
VCSEL WDM 



FCOea^nm VCSEL n^ 



lOOiase^FXG 



I \ 
r ^ 
FC aiO-nm FP □ 



04X2488 
Mbits/s 
VCSEL WDM 



-\ — I I I n i n 



TOO 



H — I I M M l — 
1000 
DataRatelMbits/^l 



[ If I I I M M 

10000 



H \—h-\ 



link 500 m long can carry a maximum data rate of approx- 
imately 600 Mbits/s, and a 2-km-long muitimode fiber 
campus backbone link can carry a maximuni data rate of 
approximately 150 Mbite/s. Higli-end LAN products are 
already pushing these limits in building and campiis back- 
bones. 

Figure 2 shows a plot of distance and hand^\idtli for 
existing LAN connnmiications standards compared with 
the 850-nm dispersion limit of 62.5-^m multimode fiber. 
As workgroups demand even higher data rates, the back- 
bones that coimect them will become bottlenecks unless 
a solution is found to posh well beyond the dispersion 
limit. This issue iias already been raised in the ongoing 
standards development work for gigabit Ethernet (IEEE 
802.3z). It has been recognized that 850-run components 
will not be capable of meeting the 500-m lengtli for build- 
ing backbones.^ 

There are several possible solutions to the impenduig 
backbone bandwidth crisis. One solution is simply to 
replace all of the multimode fiber cunently installed with 
single-mode fiber or with a new type of midtimode fiber 



that allows higher bai\dwidtli. While this would cieariy 
work, it would be a costly and time-consuming endeavor. 
Most customei's would prefer to avoid this procedm^e if at 
all possible. A second solution would be to use 1300-iim- 
wavelengtli lasers rather than shorter-wavelengtli lasers. 
The band^\idth-distancc limit of f>2.5-um multimode fiber 
is three times higher at tins wavelength than at 850 nm, 
making tliis solution viable as a shoit-tenn fix. 

To reach the 50O-m length at 1 Gbit/s, the gigabit Ethernet 
standard proposes to use 1300-mn components originally 
designed for single-mode applications. There are some 
d^advantages, however. Current 1300-nm lasers are much 
more expensive than their shorter-wavelength cousins, 
and when used with multimode fiber their performance 
can be limited by a phenonienon knowT:i as modal noise. 
The development of vertical-ca^itj^ smiace emitting lasers 
(VCSELs) at 1300-nm wavelength would overcome these 
disadvantages. However, this reseai'ch may still be several 
years fiom producing a commercially \qable product. 

There have also been more novel approaches suggested 
to squeeze more bandv^idth from existing multimode fib en 
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In one scheme, data would be traasmiited with multiple 
logic levels, rather than the traditional bipar>^ logic. Each 
bit of data could ha%*e four or eight levels rather than two. 
In this way, more information could be transmitted in the 
saiTie available bandwidth. This method requires much 
better signal-to-noise performance than the traditional 
on/olT approach. Another technique that has been investi- 
gated is one in which the spatial properties of the laser 
bE^ani are controlled as the llglit is launched into the fiber. 
If a spot much smaller than the 62.5-j,im core of the fiber 
is aligned to a partic'ular position nn tiie face of the fiber, a 
factor of two or three higher bandwidth can be obtained. 
This technique is very sensitive to the quahiy of the fiber 
and to the alignment of the connectors in the link/-* 

Wavelength-division multiplexing is a promising teclmique 
for extending the capacity of existing miiitimode fiber. 
Each wavelengtii t^hamiel in a WDM link can use existing 
low-cost lasen> and standard 622-Mbitys electronics to 
transmit data i^ithin the conventional hmits of the fiber. 
By combining multiple wavelengths in the fiber, an im- 
mediate increase in total capacitj^ is obtained. In addition, 
should one of the alternate techniques mentioned above 
prove usefiil^ it could be combined with WDM to multiply 
the bandv^idth even further WDM also offers a great deal 
of flexibihty for future upgrades. Wliile many of the otlier 
methods only offer a factor of two to four increase in 



fiber bandmdth, ^T>M is limited only by the number of 
wavelengths that can be combined in tlie fiber and sepa- 
rated. Willie initially a four-channel system might be suffi- 
cient» there is no fundamental reason why 8, 16, or more 
wavelengUi channels would not be feasible in the future. 
As we will discuss in the next section, we are looking at 
wa>^ to implement WDM in an inexpensive and compact 
manner using much of the same technology already 
found in HP multimode optical components, 

SpectraLAN Praject 

The first goal of the SpectraLAN project has been to 
develop a WDM transcei%'er module capable of sending 
and receiving four parallel G22-Mbitys signaJs over a single 
62.5-pm multimode fiber, ^^dth link lengths of up to 500 
meters. The project emphasizes small size and low cost, 
essential qualities for LAN applicatitms. Much of the 
SpectraLAN technology is similai* to that used In the 
POLO project, described in the article on page 53. 

A conceptual picture of tfie SpectraLAN transceiver mod- 
ule is shown m Figure B. Initially, a ceramic multichip 
module is being used, upon which the electronics, lasers, 
and detectors are mounted. Four VCSELs, each of a dif- 
ferent wavelength, are driven by laser drivers fabricated 
in HP-25, a 25-GHz fT silic'on bipolar IC process. The light 



Figure 3 






Conceptuaf drawing of a SpectraLAN module. Key components are indicated in the drawing. 
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from the VCSELs is combinf^d in a polymer- waveguirte 
4-to-l cunibiner, which is coupled to aii outgoing fiber. 
The incoming light passes troni the rilH>r through a wave- 
length demiiltiplcxon In the figure, tliis demultiplexer is 
a l-to4 polymer waveguide splitter with dielectric mlt*r- 
ference fOters on the four outputs, emch passing only one 
wavelengtlv. The light is detected on an array of four 
photodiodes, anci HI*'25 receiver electronics convert the 
signal to a digital electronic* output. A close-up photo- 
graph of aji MSM (metal-sendconductor-uietalj detector 
array as it is packaged iji the SpectraLAN module is 
shown in Figure 4. 

Onf* of the key teciinologies in The SpectralAFsT module is 
tile vertical-cavity surface eniilting lasen Tlie VCSEL is the 
ideal source tor multimode fdier transniissiou for several 
reasons. The relatively low-divergence, round laser beam 
output of a VT:SBL can be coupled into a mult imode fiber 
with very high efficiency without the use of a lens. Also, 
the relatively broad optical spectnmi (l-lo-4-nm iinewidtli) 
possiblt> with multiinode de\ices reduces imdesirable co- 
herent effects such as modal noise, a m^or problem with 
edge emitting lasers. Because VCSELs are surface enutting, 
they are small in area, they can be tested on-wafer, and 
dicing is a noncritical step, giving this technology the 
potential to be extremely low-cx>st. In SpectiaLAN, four 
VCSELs are used, with wavelengths of 820 lun. 835 nm, 
850 nm, and 865 nm. In the first-generation modules, the 
four devices are individually aioimted dice, selected from 
different jjarts of a single ncjnunilonn wafer, or taken from 



Figure 4 

Photograph of a GaAs MSM detector array packaged in 
a ceramic module. Also shown is a Pofyguide^'' splitter 
demuitipiexer, situated immediateiy above the detectors. 




Figure 5 

Photograph of a discrete muftipfe wavelength VCSEL array 
packaged in a ceramic module. 




separate wafers, each of a different wavelengtli. Figure 5 
shows a set of lour discrete VCSELs packaged in a multi- 
chip modult\ Eventually, we hoj>c! to develop moi^olithic 
midti wavelength arrays in which all four devices will be 
on a single die. Tliis will grc^atly simplify alignment in the 
packaging process. 

The four detectors in the SpectraLAN module are in a 
monolithic array. Both silicon and GaAs photo diodes are 
being evaluated. (The detectors showm in Figure 4 are 
GaAs MSM detectors.) By using large-area detectors, 
excellent alignment tolerance can be achieved. The 
electronics for driving the VCSELs and amplifying the 
detected signals uses the HP-25 silicon bipolar technology. 
This is currently needed to meet speed and power require- 
ments. Eventually, as newer, low-currcni; VCSELs become 
available, some of the electromcs may be replaced with 
high-speed CMOS or BiCMOS circuitry, resulting in even 
lower cost and power consmnption. 

One additional piece of electronics that may he required is 
a skew compensation circuit. Since the goal of the project 
is to transmit data in parallel, the four bits transmitted 
simultaneously must be received together at ttie otlier end 
of the Hnk. Cliromatic dispei-sion in the fiber results in 
longer wavelengths tra^^eling ai a slightly higher velocity 
than shorter wavelengths. Thus, over sufficient distance, 
different -wave length bits may lag one another by more 
than one bit period. Since the dispersion of fiber is a 
known quantity, tliis effect can be compensated for once 
the length of the link is deteiTiiined. The compensation 
circuit could determine the Ihik length by looking at the 
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delay between bits of two actjacent wavelength channels, 
aiid could then add appropriate delays to each channel to 
provide parallel output from the recei%'er 

Most of the technology described above is common to 
many hlghr^eed fiber-optic conimuni cations applications. 

There are tw-o key components in the SpectraLAN module 
tlial use technology unique to WT3M. These are, not sur- 
prisingly, the wavelengtii multiplexer and demultiplexer. 
There are coimtless ways of combining and separating 
light of different wavelengths, and over the years, many of 
these have been applied to WDM systems.^ For Spectra- 
LAN, we must find the least expensive, most compact 
methods for wavelength multiplexing and flemultiplexing. 
be they elegant or not. PoljTTier waveguide technolog^'^. 
similar to that used in the POLO project, can be useful for 
this application. Polymer wa%^eguides are plastic stinctures 
in which chamiels of liigher refractive index material are 
bulled in a cladding of lower refractive index material. 
Li|^t coupled into these channels is guided by total inter- 
nal reflection. In most lecthnologies, the wavegmdes are 
delined xihotplithographically, and ha^^e roughly square 
cross sections. The technology used in the POLO project, 
called Polyguide™, was developed by DuPont and licensed 
by HP. Polyguide^^^ material is supplied in rolls many 
yards long, and devices are fabricated in sheets, making 
this an inex]>ensive technology- Poljmer waveguide tech- 
nologies developed by Allied Signal and Mitsubishi also 
show promise for multiinocie applications. 

Multiplexing is a somewhat simpler function tliaii demulti- 
plexing, hi principle, if VCSELs could be made small 
enough and packaged close enough together, they could 
be coupled directly to the input fac;e of the fiber, all four 
lasers emitting their light into the fiher core. When multi- 
wavelength monolithic an'ays become available, a scheme 
similar to tiiis may be possible. For the present, however, 
we must be content with a center-to-center VCSEL spacing 
ofSOO^im. 

In SpectraLAN, we use a polymer waveguide device 
(shown in Figure 3) in which four input waveguides 
merge mto one output waveguide. The light emitted from 
the lasers is coupled into the waveguides through reflec- 
tion off a 45*^ mirror cut into the edge of the waveguides. 
By choosing the \\4dth of the input waveguides to be 
smaller than the width of llie output waveguidt?, loss in 
the combuiing process can Ix* minimized. The output 



waveguide is then coupled to the fiber either tltrough per- 
manent attachment (pigtailing) or through a detachable 
connector. All of the devices built to date have been 
pigtailed. We have observed total insertion losses, from 
VCSEL to fiber, of 2.1 dB in a Poly guide™ combiner A 
4-10-1 combiner using single-mode waveguides would 
have a minimum loss of 6 dB. It is the multimode nature 
of our combiner that: makes nmch lower loss possible. 
The insertion loss of the combiner Ls verj^ sensith^e to the 
numerical aperture (divergence) of the VCSEL. VCSELs 
with high divergence see larger losses, while VCSELs with 
more collimated output see low^er loss. Other combiner 
designs, using bulk or diffractive optics, may be investi- 
gated in the future. 

The wavelengtii demultiplexer must separate the four 
wavelengths, dehvering each wavelengtii to a different 
detector, hi addition to minimizing insertion loss, cross 
talk between different chatuieis must be a\'oided. We have 
been investigatkig three tecluiiques for demidtiplexing. 
The iirsl and simplest technique, show^n in Figure 6, is 
to use a polymer w^aveguide l-tt>-4 splitter, similar to the 
polymer combiner, to divide eacrh wavelength equally 
among the four outputs. A tiny dielectric interference filter 
is then attached at each output. The filters are made by 
depositing a multilayer dielectric stack onto a fused quartz 
substrate using a PECVD (plasma enhanced <'henTical 
vapor deposition) process. Filters are lapped and diced 
into 200-fim squares, approximately 50 ^m tliick. Each 
filter passes only one of the four wavelengOis. The advan- 
tage of such a device is its simplicity and ease of fabrica- 
tion. Sphtting the light before filtering, however, introduces 
a fundamental 6-dB loss for a four-channel system. 

Figure 7 shows transmission as a function of wavelength 
for the four channels of a splitter demultiplexer that we 
have fabricated using Polyguide^^. The measured inser- 
tion loss is between 8.4 dB <uid 8.9 dB per channel. Each 
channel has a useful range of > 7,8 nm about the central 
channel wavelength. This allows for variations in VCSEL 
wavelength resulting from nonuniform growth and drift 
in operating temperature. The large insertion loss of the 
splitter demultiplexer may still be small enf)ugh to allow a 
four-chaimel WDM link to function adequately. However, 
the loss of such a de%'ice seniles <lirectly witli the number 
of chaimels, maJdng it less likely that, it c:an be successfully 
used in an 8-channel or lQ<^ha^nel system. 



O 
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Figure 6 

(3) Drawing of a polymer waveguide spiitter derrjultiplexer. 
(b} Photograph of a splitter demultiplexer made using Poly- 
guide™ technology. 
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A second type of wavelength demultiplexer, which should 
have a much lower insertion loss, is the zigzag demulti- 
plexer, sho^Ti conceptually in Figure 8. This device uses 
the same inexj^ensive polymer waveguide and dielectric 



Figure 7 

Measured transmission versus wavelength for the four 
outputs of the splitter demultiplexer shown in Fig. 7. Shaded 
regions indicate the useful wavelength range of each chan- 
nel, corresponding to < — 15 dB relative cross talk and 
<3.5dB insertion ioss. 
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ConceptUBl drawing of zigzag demuitiplexer 
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flitter technologies found in the splitter demultiploxer. The 
geometiy, however, is quite different, hi the zigzag demulti- 
plexer, the input light unpinges upon the fiist dielectric 
filter at an angle. One wavelength is transmitted through 
the fdter, white the remaining waveleiigtlis are reflected. 
The dielectric interference filti^rs act as Mghly reflecting 
mirrors ( > 99%) outside of their passbaml. A zigzag wave- 
guide pattern guides the light to successive filters until 
each wavelength has exited the device through tlie appro- 
priate output, where it can be detected. Unlike the spiitter 
device J wliich throw^s away three quarters of the light 
from each chamiel, the zigzag demultiplexer uses all of 
the light, givuig the device no geometrical loss factor. 
The insertion loss of the zigzag device should be domi- 
nated by the transmission loss of the filters and by bulk 
losses in the waveguides. Our uiitial experunents with 
zigzag demultiplexers iiave yielded encouraging results, 

A third design that we have considered for wavelength 
separation, shown m Figure 9, uses a lens and a diffrac- 
tion grating. ^^ The lens coUimates the hght coming out of 
the fiber. This light diffracts off the grating, with different 
wavelengths diffracting al different angles. The light is 
then refocused by the same Ions either directly onto t!ie 
detectors or into a polymer waveguide array that guides 
tiie light to the detectors. Figure 10 show^s transmission 
as a function of wavelength for a bulk optical prototype of 
this de\1ce, using a lO-nm chaimel spacing. The advantages 
of such a design include relatively low loss, extremely low 
cross talk between channels, and excellent scaling to 
larger numbers of channels. The challenge is to make the 
grating and iens small enougli and cheap enough to be 
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Figure 9 

Conc&ptuai drawing of gratjog-based demMfyfexer. 
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economical for the LAN application. Recent advances in 
precision plastic molding may hold promise for accom- 
plistting tills goal. 

System Results 

System measurements have been performed using two 
simplex SpectraiAN modules. Each of these modules ful- 
fills half of the fimctions of the duplex module shown in 
Figure 3. The transmitter module has four VC-SELs, a 



Figure 10 

Measured transmission \/ersus wavelengtf} for tfie four 
outputs of a bulk grating-based demuftiplaxer Shaded 
regions indicate die useful waveiength range of each 
channel corresponding to < - 15dB relative cross talk 
and <4.5dB insertion loss. 
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Polygoide™ multiplexer, and laser dri%-er electronics as 
sho^n in Figure 5, The receiver module has a GaAs 
detector array, a Polyguide^' sphtier demultiplexer, and 
receiver eiectronics as shown in Figure 4. Figure 11 
shows the measured spectnim of tiie hghi in the 62.5-nm 
muldmode fiber Superimposed is the splitter filter func- 
tion shown ill Figure 7\ Ikble I shows the measured 
insertion loss and channel-to-channel cross talk of the 
system. The measurement setup is shovra schematically 
in Figure 12. A bit error rate tester is used to drive the 
835-mn chatmel of the traiismitter module with a 2^^ - 1 
pseudorandom hit sequence. The other tfu'ee channels are 
simultaneously driven by a parallel data generator itiat 
generates three independent 2' — 1 pseudorandom bit 
sequenceSj which are synchronized to the bit error rate 
tester signal. A communications signal analjT^er displays 
the four waveforms output from the receiver module. 
With liigli persistence, waveforms from many sweeps are 
superimposed, formhig what is called an eye diagram. The 
bit error rate tester monitors the output of the 835-nm 
channel, c;omparing it witli the input, to detennine the bit 
error rate on that channel. 

Figure 13a shows the four eye diagrams obtained when 

each chaimel is driven with a 622-Mbit/s signal, residting 
in a 2.488-Ghiiys aggregate data rate. At this data rate, 
the maximtmi distance allowed by modal dispersion in a 
62.5-nm multimode fiber is 500 m. Figure 13b shows the 



Figure 1 ! 

Measured spectrum of wavelength-division multiplexed light 
using a simplex Spectra IJ\N transmittor module. Superim- 
posed is the filter function of the spiitter demultiplexer 
shown in Fig^ 7. 
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Figure 12 

Experimental arrangement for four-channel WDf^ system measurements. 
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Figure 13 

Four' channel eye diagrams for a Spectra LAN data linl< driver} 
at 622 Mbits/s per channel (2 ABB Ghits/s aggregate data rate) 
through (a) — 1 m and lb} 500 m of62.5-um'Core graded-index 
muftimode fiber 
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Figure 14 

Four-channel eye diagrams for a Spectra LAN data /M driven 
at 10 Gbits/s per channel (4.0 Gbits/s aggregate data rate) 
through (a) - 1 m and fb) 300 m ofBlB-pLm-core graded-index 
multimode fiber. 
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eye diagrams obtaiBed with 500 m of fiber Figure 14a 

shows the eye diagrams when each channel is dmen at 
1 GbiL/s. corresponding to a 4^bitys aggregate data rate, 
Ai this rate, the maximum multimode fiber link length is 
300 m. Eye diagrams ^\1th 300 m of fiber in the link are 
shown in Figure 14b. The openness of these eyes is indie- 
ath^e of error-free operation. Measurements with the bit 
error rate tester indicate error rates of less than 10 ~ ^ ^ 
that is, for every^ 10^^ bits transmitted on one chamtel of 
the data link, no more than one error is obtained. 



Table la 

Absolute Insertio72 Loss of Four-Channel Splitter 
Demultiplexer (dB) 

Output Channel Wavelength (nm) 
820 835 850 865 

Input 

Channel 

Wavelength 

(nm) 



820 


as3 


26.9 


38.3 


3L8 


835 


30.2 


8,9 


32.5 


32.2 


850 


4L0 


29.3 


8.4 


29.0 


885 


40.2 


33.5 


31.2 


8.4 



Table lb 


ss IWk of Four-CMntwl Splitter 


Reiaiive Cro. 


Demultiplexer (dB) 








Output Channel Wavelength {nm} 






Bm 835 850 865 


input 


820 


-18.0 -29.9 -23.3 


Channel 
Wavelength 


835 


-21.4 -24.1 -23.8 


(nm) 


850 


"32.2 -20.4 -20.6 




865 


"3L4 "24,6 -22.8 



Conclusion 



We have demonstrated four-channel error-free operation 
of the first-generation SpectraLAN module at aggregate 
data rat e^ of 2.5 and 4.0 Gbits/s over distances of 500 m 
and 300 m, respectively. Tliis will allow existing 62.5-nm 
multimode fibern^iptie links to carry four times higher data 
rates duin is possible with conventional methods. In addi- 
tioHi the module we have demonstrated is compact and 



potentially low-cost, giving promise that this technology 
can be practical for use in local area network backbone. 

There is still a lot of work to be done in further redycing 
the size and cost of the module, mxd in mvestigating even 
higher data rates. The fiber-optics industry' is moving to- 
wards a standard transceiver package that is only 0.5 inch 
wide and less than i.5 inches long. To be competitive, 
future generations of our \TOM module must fit into this 
small footprint. Costs must also be further reduced. The 
number of separate pieces tliat go mto tfie module must 
be reduced whenever possible. One example of a current 
investigation towards this goal is in the area of VCSELs. 
The first-generation SpectraLAN module uses four dis- 
crete laser dies, each with a different wavelengtli. Work 
is under way to develop a single monolitiuc muiti wave- 
length VCSEL array that can replace the four dies with 
a single die, requiring no separate alignment between 
lasers. Geometries that simplify the multiplexer and de- 
multiplexer axe also mider investigation, as well as less- 
expensive technologies for fabricating and aligning the 
multichip module. 

Data rates Mgher than 4 Gbits/s must also be addressed in 
futLire generations of SpectraLAN. The ATM forum, which 
sets standards for high-speed local area networks, is al- 
ready considering standards for 10-Gbit/s links. The giga- 
bit Ethernet committee will also most likely begin consid- 
ering 10-Gbit/s st^andards within the next couple of yeare. 
WDM may be the only solution for multimode fiber-optic 
networks operating at such a high data rate. Short- wave- 
length lasers in the range of 850 nni might not be suitable 
for lO-GbiVs networks, particularly if link lengths exceed 
100 m. Lasers operating in the ISOO-nm wavelength range 
have many advantages, including fiber bandwidtli ai\d 
eye safety We plan to investigate WDM solutions using 
1300-nm lasers as well as short-wavelength lasers. 
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A ten-channel parallel optical link module operating at 1 Gbit/s per channel has 

been developed in the POLO (Parallel Optical Link Organization) program. Key 
components include vertical -cavity surface emitting laser and detector arrays, 
bipolar transceiver ICs, a high-speed ball-grid array package, polymer waveguides, 
and multichannel ribbon fiber connectors. Applications of the POLO module 
include computer clusters, switching systems, and multimedia. 
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-he performance of advanced computer and commimications systems 
is increa^singly limited by the constraints of electrical interconnects. Future 
demand for interconnect bandwidth in computing and svdtcliing systems will 
be met by optical interconnects. Evolving contmunications standards such as 
ATM, gigabit Ethernet, and Fibre Chaimel require serial data rates approaciung 
and often exceeding 1 Gbit/s. The next generation of high-perfoi-mance 
processors will have clock speeds in excess of 300 to 400 MHz and aggregate 
processor bus bandwidths of more than 2 to 3 Gbytes/s. The increasing 
performance of such systen\s has driven the development of Gbyte/s inter- 
connection standards such as SCI and Super HIPPL 

Such demands, when combined with stringent low-cost and high-performance 
specifications, cannot be met by any existing commercially available inter- 
connect technology. Given the constraints of standard optical and electrical 
interconnections, parallel optical interconnection solutions operating at 
Gbyte/s data rates offer a number of ad^^antages. The input and output data 
is inherently in parallel format, which reduces latency of multiplexing and 
demultiplexing functions and simplifies system integration. Parallel optical 
liiLks amortize packaging costs over multiple channels while minimizing link 
latency and module footprint By comparison, serial links will be expensive and 
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bulky in multiple-t:liannel applications. Copper wire has a 
very Mmitfid bandwidth -length product and is unsuitable 
for Gbyte/s data com muni cations in the local arc^a (10 to 
300 m). In the telephone central office environment, for 
example, electrical inter cojmects between high-capacity 
switching systems are creating serious bottlenecks in 
terms of the sheer bulk of tiie cable required, ti\e limited 
backplane real estate avaOable for connections, and the 
resultant EMI created by large electrical cable bmidlesJ 

Ttie key performance parameters in such intercoraiections 
are bandwidtli-length and intercoiuiection density. Flex- 
ible tilm cables with impedance-cantrolled transmiRsiOB 
lines offer high bandwidth and density. However, effective 
operating lengths are limited by attenuation and noise to 
less tlian 1 to 2 m. Twisted-pair and microcoajdal cables 
can accomniodate transmission lengths of approximately 
10 to 20 meters. However, they are bulky and relatively 
expensive. Connectors also limit performance. Today, 
an 18-twisted-pair cable for Gbyte/s Scalable Coherent 
Interface (SCI) measures 4 inches by L25 inches. In 



comparison, a lO-to-12-riber optical connector will be 
less than 0.4 inch by Q.3 inch, representing an order of 
magnil ude reduction in cross-sectional fomi factor Opti- 
cal fibers in ribbon form have much higlier density, lower 
attenuation and skew, ccjnipetitive cable cost, and future 
scalability to multi-Gbit/s line rates. 

Parallel optical data links are expected to be widely used 
as intercfmnections for computer clusters, switciiing sys- 
tems, and multimedia (Figure 1). Cost reduction and 
demonstration of reliable and robust operation will be 
critical to the success of paraUel optical links in markets 
presently doniinated by copper- wire and serial optical data 
links, 

POLO Program 

To demonstrate the technic^al feasibility of low-cost, high- 
performance parallel optical data links, a three-yeai' cob 
laborative program was launched by IIP, MIP, Du Pont, 
SDL, and the University of Sontheni California (USC) in 
August 1994,- Led by HP, the POLO (Parallel Optical Link 
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Organization) program has demonstrated 20-Gbit/s 
throughput in a one-inch-wide footprint, developed a high- 
density optical connector for ribbon fiber, and demon- 
strated the operation of POLO modules in a workstation 
communication testbed at USC. Two generations of mod- 
ules have been developed, as shown in Figure 2. The first 
generation (POLO-1 ) module operated at f)22 Mbiis/s per 
channel with r>8(>-nm vert icaJ-<a\ity surface c?mjttiiig lasers 
(VCSELsJ and featured a prototype connector assembly 
and a 1.75-inch- wide leadframe package. The second 
genre ati on (rOLO-2) module operates at 1 Gbit/s per 
channel and incorporaies a higiier-density (1-inch-wide) 
ball-grid array (BGA) package, a multichannel ribbon 
fiber cormector from AMP, and 850~ruTi VCSELs and MSM 
( irielid-sc»miconti u c iDr-iiictal J dete c: tor arrays. 

Module Deiign anct Performanee Summary 

The performance of the POLO-2 module is summarized in 
Table I. The maximum length is limited by the modal 
bandwidth of standard multimode fiber ^^Tiile interchannel 
skew in ribbon fiber can Umit length for synchronous 
operation of parallel chaimels, recent results indicate that 
synchronous parallel transmission for more than 1 km is 
possible at 622 Mbits/s per channel by cutting each fiber 
in B€M^jyence from the same fiber pull limiting interchannel 
skew to less than 1 ps/m;"" 



Table 1 




POLO-2 Module Fetfommmce Summary 


Number of channels 


10 transmit and 10 receive 
(9 data plus 1 clock or 
ID data) 


Data rate per channel 


to 1 Gbit/s 


Length 


<300m 


Electrical interface 


Differential ECL, ialehed or 
unlatched by clock channel 


Multichannel 
module package 


Ceramic ball-grid array 


Module width 


2.5 cm 


Wavelength 


850 nm 


Connector 


L^tray MPX (based on MT 
ferrule) 


Optical interface 


62 , 5/ 1 2 5- ^m graded-index 
ribbon fiber to polymer 
waveguide 


Power dissipation 


<2W or < 100 mW/chaimel 


Receiver sensitivity' 


-17dBm(-20dBmat 
detector), single channel 
only 
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Figure 3 shows a rendeiiiig of the POLO-2 module. The 
key componfMits iiil.egrated into the package have been 
extensively described in the literature, including vertical- 
cavity surface emitting lasers (VCSELs)'* and Polyguide™ 
polymer optical waveguides >^ 

The design of the optical-electrical interface is shown in 
Figure 4, The VCSEL and detector arrays are packaged 
vvitb the transceiver ICs in a Ji24-pin ceramic BGA package, 
Folyguide waveguides couple hght between the VCSEL 
and detector arrays and the ribbon fiber using 45 "" out-of- 
plane mirrors and fiber-to-waveguidc connectors. The 
C€*raniic package features inipedanceK'ontrolled trajces and 
integrated resistors for termination of input ECL signals. 
The use of a 45^ optical interface allows the VCSELs and 
detectors to be packaged in close proximity to the trans- 
ceiver ICs, allowing control of electrical parasitics and 
GHz-band width operation. Because Lhc waveguides are 
multLmode^ simiUtaneous alignment of ten channels to 
the VCSEL and detector arrays is possible with loose 
alignment tolerances, 

VCSEU and MSM detectors 

VCSELs are ideal sources for optical data links. The de- 
vices are processed and characterized at the wafer level, 
and one-diinei\sional or two-dunensional arrays are easily 
fabricated. Liglit is emitted perpendicular to the substrate 
with a circular beam that enables efficient, direct, fiber or 
waveguide coupling. For parallel links, VCSEL arrays can 
be fabri{;ated to match the pitch of the optical waveguide 
array. Large-area top emitting 850-nni VCSELs are used 




Figure 4 

(a) Optkaheiectrica! interface design, (b) Coupling of VCSEL 
and detector arrays with optica! waveguides. 



Polyguide 




Ribbon 
Fiber 



(til 




in the POLO-2 module. The threshold currents of these 
IS-^un-diameter VCSELs are about 3 to 4 mA. The lasers 
are typically prebiased near threshold to guarantee a high 
extinction ratio for all c:hanne]s, and modulated to peak 
output power of — 2 niW. The low relative inLensity noise 
(RIN) and reflection sensitivity of the VCSELs allows 
Gbitys data rates in multimode fiber links with low BER, 
RIN is typically less than - 130 dB/Hz under typical oper- 
ating conditions. We have previously sho^/vn that large- 
area VCSELs emit in multiple transverse modes, leading 
to reduced coherence.^ This reduces the susceptibility of 
the multimode fiber link to modal noise , making tl\ese 
som"ces ideal for such applications. Figure 5 shows an 
eye diagram of an 85()-nm VCSEL biased below threshold 
and diiven with a pseudorandom biiiaiy sequence (PRBS) 
at 1 Gbiiys. Tlie eye is wide open and the measured BER is 
<10" 



■13 



An attractive feature of VCSELs is their ability to scale to 
liigher data rates. Modulation of greater than 3 Gbits/s per 
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Figure 5 

Eye diagram of an SSO-nm VCSEL biased below threshold and 
dnven with a pseudorandom binary sequence at ! Gbft/s^ 
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channel has been successfully demonstrated. Figure 6 
shows the frequency response of a QSO-nm VCSEL at two 
bias currents, showing a small-signal — S-dB electrical 
frequency response of 6.6 GHz at the larger bias, 

A l-by-IO MSM detector array is shown in Figure 7. 
These devices are fabricated with a straightforward two- 
mask process. The interleaving metal fmgers on a bulic 
GaAs layer have very low capacitance, allowing large area 
detectors ulth a measurec! -3'CiB freciuency of L5 GHz. 
The detector area of 200 x 200 |im^ provides greater than 
± 50-!ini alignment tolerance to the optical waveguides. 
The measured responsi\ity at 850 nm is > 0.4AAV and fall 
times are < 200 ps. 



Figure 6 

Frequency response ofBSO-nm VCSEL at two bias currents. 
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Transmitter and flacaivar PCt 

Transmitter and receiver ICs fabricated with Hewlett- 
Packard^s HP-25 silicon bipolar process are used in the 
POLO module. The transmitter IC contains ten laser driv- 
ers that use common reference voltages to set the VCSEL 
prebias and modulation currents. The transmitter uiput 
and receiver output interfaces are differential ECL. 

Since the receiver determines the link architecture, several 
versions of the receiver IC have been designed to provide 
maximum user flexibility, including arrays of latched 
digital receivers, unlatched digital receivers, and analog 
transimpe dance amplifiers for linear testing. The latched 
receiver has nine data channels ajid one clock channel. 
The output data is synchronized by the clock channel at 
the receiver output, removing any accumulated skew and 
jitter. The unlatched receiver allows the module to operate 
as ten independent serial Links, 

Both ac -coupled and dc-coupled versions of the receivers 
have been fabricated and tested. Because each channel 
determines its own threshold, the ac-coupled system has 
much higher channel-to-channel dynamic range, How^ever 
data needs to be encoded because of a low-frequency cut- 
off The dc-coupied version can handle any data pattern, 
but channeUo-channel umformity in received power 
(within several dB) is required because a single threshold 
is used across all channels. 

Polyguide'^^-nibbon Fibar Opticiil Interface 

The use of polymer waveguides allows the waveguide 
design to be easily tailored to system requirements, in- 
cluding waveguide dimensions^ pitch, and nimiericaJ aper- 
tiu^e. For example, the waveguide pitch is 360 \xm at the 
p-i-n detector interface and 500 ^im at the VCSEL inter- 
face, but a smooth taper allows a waveguide pitch of 
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Figure 8 

Polymer waveguide assembled with an MT-style ferrule for 
the multichannel optical interface. 




250 fxm at. the ribbon fiber interface. The width and nu- 
inerical aperture of the polymer waveguide are optimized 
to Increase coupling efficiencies and optical alignment 
tolerances at each interface- 

The Polyguide^^ waveguides are assembled with an MT-style 
ferRUe and aligned to the VCSEL ^id MSM detector arrays 
on the ceramic package. Figure 8 shows a lO-channel 
polymer waveguide integrated with an MT-style ferrule. 



Guide pins in the MT ferrule allow for accurate optical 
alignment of this assembly with ribbon fiber. 

Assemblv with BGA package 

Tlic POLO-2 module is the first fiber-optic module based 
on a ball-grid ariay (BGA) electrical interface. A signifi- 
cant advantage is the high pui density of the BGA. For 
example, the use of a BGA enabled a 3 x reduction in 
package size compared to the leadframe package of 
POLO-1. Other advantages of BGA technology include 
compatibility with standard surface mount processes, 
high thermal conductivity, and low electrical paras itics. 

The VCSELs and p-i-n detectors, laser driver and receiver 
ICs, and by|>ass capacitor arrays are moimted on the BGA 
substrate and wire-bonded {Tigiire 9). Polygulde^^ wave- 
guides are ahgnt^d to the optoelectronics and attached to 
the pac^kage, forming the optical interface to tlie ribbon 
fiber The 18-by-18 BGx\ is on standard 0.050-mch pitch, 
resulting in a total module width of 1 hich. Integrated 50£2 
resistors in the ceramic package allow termjnation of the 
input ECL signals. 

Push-pull Connector for Ribbon Fibar Interface 

POLO-2 features a midtichaimel ribbon fiber connector 
developed by AMP. Only 9 ami wide and capable of hand- 
ling 12 libers, this connector is based on the precision 
molded MT array ferrule housed inside a push-pull SC -style 
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housing. The ribbon fiber cable uses 62.5/125-|im fiber and 
meets the requirements of GR-001435 Generic Require- 
ments for Muilifiber Optical Connectors for Type IR 
Media (Eibbonized Fiber Efielosed in Meir^forced Jacket). 

The design and construction of the push-pull connector is 
also in accordance with the optica], emiromnental, and 
mechanical testing requirements of the same Bellcore 
generic requirement specifications.Thus. the uniformity of 
the insertion loss across 10 channels will be kept below 
0.6 dB throughout the service life, which includes 200 
durability' mating cycles ^ and the optical insertion loss for 
the interface will be less than 2 dB at the end of the ser- 
vice life. Figure 2b shows the assembled POLO-2 module 
with ribbon fiber connectors and a plastic housing that 
provides a receptacle for the connectors. 

System Results 

Tlie modtile is moimted on an evaluation board for ch^- 
acterization- To prevent the transfer of any mechanica! 
loads from the ribbon fiber cable to the internal module 
components, the module housing mounts rigidly to 
the printed circuit board. Supply voltages of — 5V and 
- HV are required for transmitter and receiver operation. 
All additional — 2V supply is also required for ECL 
temiinalioii. 

To test BER with worst-case cross talk conditions, all of 
the transmit and receive channels of one module are oper- 
ated in loopback mode, with the Iransmilter and receiver 
of onc^ module cfjnnected by a single ribbon fiber. A multi- 
channel data generator (HP 80000) is used to modulate the 
ten transmitter channels with independent PRBS streams. 
Figure 10 shows the eye patterns of all 10 channels in 
simultaneous operation at 1 Gbit/s at the receiver output. 

The BER for each channel is < 10 ~ ^ ^ and an extended 
measurement of one channel results in BER < 10~ *'* 
with 300 m of lo\v-skew ribbon fiber. While some pattern 
dependent jitter is observed, the eyes are clearly open at 
1 Gbit^s- The rise and fall times are < 350 ps. and channel- 
to-channel skew (excluding ribbon fiber skew) is < 100 ps. 
The eye opening (timing margin for BER < 10 ~^*^) is typi- 
cally > 70% for most channels. Figure 10b shows ten 
simultaneous output eye patterns of the module on a 
single oscilloscope trace. The aggregate timing margin 
for all channels is better than 50%, 

We have also obtained operation of the P0I/"}-2 module at 
1 Gblt/s per channel with an ac-< coupled receiver. Initial 



Rgure 10 

Output eye patterns ofunistched, dc-coupied module st 
? Gbit/s per channeL (a) J6 channeis shown separately, 
(b) JO channeis aggregated. 
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measurements show significantly improved chaimel-to- 
chamiel dynanuc rango. latched receivers have been op- 
erated previously with the POLO-1 module at 622 Mbits/s. 
Performance comparable with unlatched systems has 
been demonstrated. A 622'MHz clock channel synchro- 
nized nine data chamiels, ehmlnating accumulated skew 
and jitter at the receiver output. 

Network Interface Testbed 

A prototype POLO module with evaluation board has 
been successfully integrated into a Gbil/s experimental 
w^orkstation network at the University of Southern Cali- 
fornia (USC). The network uses experiitiental high-speed 
network interface boards called Jetstjeam, which were 
developed at Hewlett-Packard Laboratories Bristol.^ One 
of these boards is inserted into each of t\^'0 Hewlett- 
Packard 9000 Series 700 workstations, w^hich form the 
two nodes of the network. Eight channels (4 transmit, 
4 receive) of the POLO module, each rumung at 1 Gbit^s, 
were exercised betw^eeii the two workstations, wlu ch 
w^re comiected by 500 m of low-skew fiber ribbon. The 
POLO module successfully transmitted and received multi- 
Gbit/s data packets error-free in this network. 

In addition, a link adapter board for a host interface has 
been fabricated at IJSC (Figure 11)- Tliis board contains 
a CMOS link adapter chip, wliich will directly interface 
to the POLO module and to external synchronous FIFO 
buffers. This will aJlow^ the use of the hardware interface 
with generic bus architectures such as PCI or other open 
bus standards. USC has recently demonstrated l-GHz 
clocking and i-Gbyte/s throughput in the link adapter chip. 

Future Developments 

The bandwidth demands of processing and conununica- 
tions systems will continue to midtipiy in the foreseeable 
future. WTiile ribbon fiber has the iiighest bandwidth, den- 
sity, and lengtli capabihty, its implementation at very shoil 
distances (less tlian 1 to 2 meters) is limited by tennination 
costs fi.e., parallel optical modules ajid comiectorsj. To 
demonstrate the costyperformance superiority of parallel 
optics for short-distance applications such as shelf-to- 
sheif and board-to-board interconnections, greater system 
integration and fimctionahtj^ need to be demonstrated to 
the end user The fimctlonaiity includes interface compat- 
ibility with common communications standards and 
direct integration witli network and processor buses. The 
integration and packaging include small footprint^ low 



Figure 11 

Link adapter board for 'mtsrfac'mg a POLQ-2 module with a 
computer bus. 



CMOS Link 
Adapter 




power consmnption, and cheap optical subassemblies 
packaged as standard electronic components* 



Conclusion 



Parallel optical links that offer the highest bandwidth- 
length and bandwidth-density performance available have 
been designed and demonstrated. 1 Gbyte/s duplex oper- 
ation over several hundred meters of ribbon fiber has 
been obtained with a 1-mch-wide optical interconnection 
module with ten transmit and ten receive channels. 
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Advances in fiber-optic network technology within Hewlett-Packard are 
achieved by close cooperation between Hewlett-Packard Laboratories (HPL) and 
Hewlett-Packard's Communications Semiconductor Solutions Division (CSSD). 
This paper explores the interaction between HPL and CSSD for the advancement 
of high-speed LAN standards, particularly in the ATM Forum and IEEE 802. 3z 
(Gbft/s Ethernet). Details of major technical contributions to 622-Mbit/s ATM 
and Gbit/s Ethernet specifications are presented. 



O. 



"laiAdardization has created a global fiber-optic LAN market in which 
Hewlett-Packard competes. However, successful open LAN standards are 
developed by consensus. Consensus is fundamental to the standardization 
process, since it ensures that the tecknological advances embodied in a 
final standard wiU be implemented by a number of vendors. In addition, 
standardization gives customers coniidence that LAN products will not 
origmate from a single source witii corresponding higher prices. Given the need 
for consensus, it is important that Hewlett-Packard continuously participate in 
LAN standards development so that the company remains aware of current 
industry and future standards requirements. This understanding is a very 
important input into the strategic planning process for the HP Communications 
Semiconductor Solutions Division (CSSD) and Hewlett-Packard Laboratories 
(HPL). 

Consensus-based standards make it impossible for any company to dominate 
the global optical-fiber IJVN market. However, a long-term collaboration 
between HPL and CSSD has enabled Hewlett-Packard to be a market leader in 
high-speed optical-fiber LANs. Responsibility for developing future business 
and standards strategy is jointly owned by CSSD's strategic Pathfmders and 
HPL- CSSD and HPL engage the standardization process as early as possible. 
Involvement in embryonic standards provides valuable insight into the 
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capabilities and needs of Hewlett-Packard's competitors, 
partners, and customer. Based on this insight we adapt 
our standards and research sixate^- so that there is maxi- 
mum likelihood of it being accepted by consensusHlriven 
standards bodies. Actively influencing ejnergent standards 
ensures that a good return is achieved from Hewlett- 
Packard's in\ estment in research and development. 
Obviously, this is a long^erm commitment involving the 
continuous seeding of the Hewlett-Packard Laboratories 
research agenda many years in advance of emerging 
standards or customer needs. 

Recently, two ms^or high-data-rate Hber-optic LAN stan- 
dards have emerged: 622-MbiL/s (OC-12) Asynchronous 
Ti-aiLsfer Mode (ATltl) and Gbit/s Ethernet. Budding wiring 
standards reqiiire cjptical fiber transmission over 500 m of 
62,5/125-|im (coreycladding diameter) multimode fiber 
(62MMF) for backbone links. This building \\iring stan- 
dards requiiement determines the choice of transceiver 
teclmoiogy, as illustrated in Figure 1. The ATM Forum, 
which requires a 622-Mbit/s line rate, considered long- 
wavelength LEDs and short-wavelength laser diodes. 
VCSELfi (verticaJ-ca\ity surface emitting lasers) operating 
near wavelengths of 980 nni were *dso discussed in the 
context of Gbit/s ATM links. The Gbit/s Ethernet stan- 
dards committee considered short -wavelength laser 
diodes and long- wave length laser diodes. CSSD and H PL 
made meyor technical contributions to both standards, 
which led to the inclusion of 1300-nm LEDs m the OC-12 



Figure i 

lilustration of transceiver technoiogy choices for OC- 12 
W22'Mbit/s) and Gbit/s EtheroBt 62MMF links based on 
overfilled launch bandwidth. Building wiring standards 
require optic a I- fiber transmission over 500 m of 62.5/1 25-fim 
multimode fiber (62MMF} for building backbone links. (LD - 
laser diode. VCSBL - vertical-cavity surface emitting laser. 
LED = lig fit- emitting diode). 
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ATM Forum specification and 1300-nm la^r diodes tn the 
Gbit/s Ethernet specification. 

This paper will provide insight into the long-teno coHabo 
ration between CSSD and Hewlett-Packard Laboratories 
in the area of fiber-optic LAN standards. The collaboia- 
tion will be explored throu^ the chronology of Hewlett- 
Packard's involvement in the development of recent LAN 
standards, particularly in the ATM Forum and IEEE 802.3z 
(Gigabit^s Ethernet). 

Wring Link Length and Transceiver Taclinology 

Building wiring is a large capital investment usu^ly amor- 
tized over approximately 15 years. To protect this invest- 
ment, International Standards Organization (ISO) building 
wiring system standard ISO/IE C 11801 specifies cabling 
architectures, link lengths, and type. Historically, fiber- 
optic backbones for LANs are developed to support the 
link length reqiui'ements defined in ISO/IEC 11801. These 
requirements evolved out of the recognised need in the 
mid-1980s to achieve a more unified approach to develop- 
ing and installing LANs. As Oluslrated in Figure 2, a key 
aspect of this building wiring standai^d is tiie definition of 
link lengths: 100 m horizontal from hubs to the desktop 
(90 m of cable plus up to 10 m for patch cords), 500 m for 
building backbone, and 2 km for campus backbone. These 
link length requirements dictate the choices of fiberoptic 
cable and transceiver technology as a function of data 
rate. In particular, because of its suitabilily for use with 
low-cost light-emitting diode (LED) transceivers, the 
installed base of optical fiber is predominantly 62MMF in 



Figure 2 

ISO/IEC 11801 customer premises cabling mode!. 



Tel&coinmiinJGBtroiis 



t 

Campus 

Backbone 

Cabling 




CD ~ Campus DIstributar 

BD = Building Distribular 

FD - FlitOf Distributor 

TO = TebcofTimufticfltJofis Ouilet 



Voice Daia 



December L397 • The He wIell-Pickard journal 



)Copr. 1949-1998 Hewlett-Packard Co. 



botti the U,S, A, and Europe. Transceiver vendors and 
riber-opt.ir I^AN standards must develop transceiver tech- 
nology that operates in harmony with the building wiring 
standards to protect the capital investment of both LAN 
users and LAN equipment suppliers. 

The HP Communications Semiconductor Solutions Divi- 
sion is a leading supplier of optical-fiber optoelecti^onic 
components used to conmnuiicate over botli premise 
backbones using primarily multimode fiber and public 
networks using single-mode fii>cr. Because of link perfor- 
nimice and exist trade-offs, multimode fiber tnmsc^eivers 
are developed using 650-nmj 850-nm, and 130()-nm tech- 
nology> Visible 650-mn LEDs match the transnussion win- 
dow of large-core (980-Lun diameter) plastic optical fiber, 
which ivds high attenuation hut yields the lowest-cost 
transceivers and optical connectors as a result of relaxed 
mechanical tolerances. Infrared 850-nm and 1300-nm 
tcc^hnolo^ matches the transmission characteristics of 
ghiss multimode fiber having smaller core diameterSj tJiat 
is (JliMMF and 50MMF (50/125-|im core/cladding diameter). 
Tliese fibers have lower attenuation and higlier band- 
width at wavelengths near 1300 mn conipared to 850-mn 
operation but yield more expensive systems compared to 
plastic optical fiber. Single-mode fiber Uansceiver tech- 
nology operating at 1300-imi mid 1550-nni wavekmgths 
supports the lO-to-50-km distance reqairenients of tele- 
conmiunications single-mode fiber links and is stiU more 
expensive. Neveriheless, 13()0-nm single-mode fiber links 
have extended transmission capabilities and are btnng 
deployed on tJie campus to extend beyond the distance 
and data rate limits of multimode fiber 

Fiber Optic LAN Standards Development 

The initial fiber-optic backbone link standards developed 
in the mid-1980s support a 2-km campus backbone length 
using 62MMF, This requirement influenced the subsequent 
ISO/EEC 11801 campns backbone link length. The lO-Mbit/s, 
2-km IEEE 802.3 Ethernet standard uses 850-nm LEDs 
while the lOO-Mbit/s, 2-km ANSI X3T12 Fiber Distributed 
Data hiterface (FDD I) standard requires 1300-mn LEDs 
because of the impact of fiber spectral dispeiBion at this 
higher data rate. Subsequently, based on the FDDI back- 
bone link standai^d, a 2-km 62MMF link length specifica- 
tion using 1300-nm LEDs was developed for transmitting 
As^Ticltronous Transfer Mode (ATM) cells over Synchro- 
nous Optical Network (SONET) hnks at 155.5 Mbits/s, 
also refen^d to as optical carrier level 3 (OC-3). This OC-3 



rate stmidard. initiated in tlie ATM Forum, was fomtalized 
in the Tl E!.2 Ti,646 broadband ISDN customer interface 
standard. 

Long-Wavelength LED SpecrfFcation 

h. was generally assumed that low-cost 1300-nni LEDs 
would be too slow for operation at 622 Mbitsi/s (OC-12). 
However, exploratory work at HPL Bristol and otlier man- 
idacturers of 1300-mn LEDs indicated that the necessary 
l-ns optical respcjnse time was achievable with low-cost 
designs. TFiis resulted in a development program at CSSD 
yielding the necessary data to support an OC-12 specifica- 
tion for a 500-m 62MMF link length in both the ATM 
Foi-uni and T1EL2 T1.646 specificaUons. Tltis is the high- 
est data rate at wliich 1300-nm LEDs can reasonably be 
specified m multimode fiber link apphcations. 

It was obvious to HPL reseairhers that a new low-cost, 
LED-Uke laser teclmology was required for multimode 
fiber Gbit/s LANs and computer interconnects. This real- 
ization was key to the initiation of vertical-cavity surface 
emitting laser (V('SEL) development within Hewlett- 
Packard Laboratories during the early 1990s. ^-^ Since 
1300-nm LEDs reach their limit at 622 Mbits/s, Hewlett- 
Packard developed a link length and data rate extension 
to Gbit/s ATM based on VCSELs operating at wavelengths 
neai^ 980 imi.--^ HPL demonstrated that aSO-nm VCSELs 
could support bulldhig backbone link lengtl^ at Gbit/s 
data rates with 62MMF. CSSD tmd HPL felt that tliis pro- 
posal was very SLiitable for Gbit/s LAN standards since it 
was in harmony with ISO/I EC 11801. By comparison, 
VCSELs operating at 850 mn w'ere felt to be an inferior 
choice since they caimot support building backbone link 
lengths at Gbit/s data rates with 62MMF (see Figure 1) 
based on the standard overfilled launch (OFL) modal 
bandwidth for 62MMF 

Vertlcal*Cavitv Surf see Emitting Lasers (VCSELs) 
The ATM Forimi OC-12 multimode fiber specification 
development provided an interesting first \iew of VC'SELs 
entering tire standards arena. Figure 3 shows VCSEL 
cross sections for devices operating at 850 nm, 980 nni, 
and 1300 nm. 

A noteworthy aspect of the OC-12 link development in 
the ATM Forum was the short-wavelength (780-nm and 
S50-nm) specification developed in competition with the 
1300-nm LED specification by short-wavelength laser 
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Figures 

VerticaJ-cavity surface emtUing laser iVCSEL) cross - 
seawns. VCSELs operating at 3$0 nm and 13W nm haye 
transparent substrates and can emk fight through the sub- 
strate. Th&se are termed bottom emitting VCSELs, They 
have the advantage that the active region can be placed 
very close to a heat sink placed on the top mirror stack. 
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diode transceiver vendors. The short-wavelengtti proposal 
was optimized for 50MMF rather than the dominant 
62MME It was based on developments in the Fibre 
Channel (FC) standard for computer interconnect. 

The short-waveiength proposal was written in such a way 
that it included both existing 780-nm Fabry-Perot edge 
emitting laser diodes, commonly referred to as compact 
disk (CD) laser diodes, and 850-mn VCSEI^. After much 
contentious debate, the eventual result was that the ATM 
Forum adopted the tw^o optically incompatible 00-12 
multimode fiber specifications — long-wavelength LEDs 
and short-wavelength (780-nm and 850-mn) laser diodes — 
and left the marketplace to resolve the choice. In general, 
the winner will be the interface standard chosen by the 
m^or early adopters since other equipment suppliers will 
need to be compatible. CSSD sells many more long-wave- 
length LED-based transceivers than short-wavelength iaser- 
based transceivers for OC-12 ATM. 

Hewlett-Packard demonstrated to the ATM Forum that 
VCSELs operating at 980 nm are extremely rehable, are 
relatively simple to manufacture, are optically compatlbie 
with the specified 00-12 1300-mn receivers, and support 
biiilding backbone link lengths at Gbit/s data rates with 



62]^I]VIF. However, in the give and take of the standards 
arena, the Hewlett-Packard 9S0-nm VCSEL proposal for 
Gbit/s ATM links did not progress. One reason for this 
was opposition from multimode 0t>er suppliers to specify 
the higher modal bandwidth available at 980 nm with 
installed 62MME As a result of the OC-12 developments, 
HP focused its efforts on SoO-nm VCSELs for use at Gbit/s 
data rates (described in the next sections) rather th^i 
980-nm VCSELs and concentrated longer-term research 
on 1300-nm VCSELs, w^hich have multiple uses with both 
multimode fiber and single-mode fiber. 

OC-12 Technical Challenges 

The ATM Forum OC-12 multimode fiber specification de- 
velopment brought into focus two m^or technical issues 
that must be addressed before GbiL^s optical link specifi- 
cations will be acceptable to customeis and LAN standards 
bodies. These are modal noise and robust transmission 
methods for 500-m backbone links using instaUed 62MMF. 
Both issues were widely recognized within the industiy* 
and ad hoc industry groups were formed to address them. 
The work of the ad hoc groups has now largely been 
transferred to Telecommunications Industry Association 
(TIA) fiber-optic test procedure conmiittees. LAN stan- 
dards conmiittees have agieed to reference the new TIA 
fiber-optic test procedures once they mature. HPL and 
CSSD ai'e ver^^ active in both the TIA conmiittees and the 
LAN standards bodies. 

Ethernet Frame* Based Ghit/s LANs 

Because of its ease of use and relatively low cost, Ether- 
net has become the most pervasive LAN, with over 100 
million nodes in service. The initial standard operating at 
10 Mbits/s was finalized in 1985. This version of Ethernet 
connected all nodes \ia a central coaxial bus, which 
proved to be somewhat inflexible as users changed loca- 
tions or were added to the network 

Hewlett-Packard proposed the lOBase-T star topology for 
Ethernet in 1987 ajid it became part of the IEEE 802.3 
standard in 1990. In November of 1992, to meet user re- 
quirements for higher data rates and to support emergent 
multimedia applications, the higher-speed study group 
of the IEEE 802.3 conmiittee was formed to develop 
100-MbiL^s Ethernet. The efforts of the higher-speed study 
group culminateri in July 1995 when the LAN MAN Stan- 
dards Committee (LMSO) of the IEEE ratified two new^ 
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100-Mbit/s standards that use Ethernet frames: EEEE 
S02.3u^ aaii IEEE 802.12.^ These new 100-Mbii/s stan- 
dards were designed to provide an upgrade patli for the 
many tens of millions of lOBase-T and token ring users 
worldwide. Both of the new standards support installed 
customer building cabling as well as existing LAN man- 
agement and application software. Diu'ing the develop- 
ment of IEEE 802.3U and IEEE 802.12, Ethernet frame 
switching gamed momentum as a method for increasing 
network capacity. Switch-based LANs are now being 
standardized by the LMSC, 

The broad market acceptance of the new 100-Mbit/s 
shared media access LAN technologies is indicated by 
market estimates that during 1995, 25% of all network in- 
terface cards were 100-Mhitys capable. International Data 
Corporation has estimated that two niiilion Ethernet LAN 
switch ports were shipped during 1995. 

The new lOO-Mbit/s repeater and switch-based LANs re- 
quire a higher-speed backbone. To address tliis need, botli 
IEEE 802.12 and IEEE 802.3 initiated Gbiiys projects. It 
is generally agreed that the perv^asiveness of Ethernet 
frame-based LANs will ensure that the LMSC Gbit/s 
standards wiU be tlie domintmt Gbit/s LAN technology. 
Eventually, Gbit/s Ethernet frame-based LANs may reach 
the desktop. 

Gbtt/s IEEE 802/12 (Demand Prioritv) LANs 

During 1905, IEEE 802 J2 initiated development of Gbit/s 
demand priority IAN specifications initially as a higher- 
speed backbone for the lOO-Mbitys systems. HPL and 
CSSD demonstrated that higher-speed IEEE 802.12 coidd 
leverage some of the physical layers and control signaling 
developed for Fibre ChanneL^' We also demonstrated ttiat 
multimode fiber and short- wavelength VCSEL transceiv- 
ers can be used to coimect repeaters or switches sepa- 
rated by less tlian 300 m within a bmldlng." For longer 
campus backbone iiid<s, laser transceivers operating at a 
wavelength of 1300 mn are used. To ensure that only one 
Gbit/s physical layer solution set will be developed by the 
LMSC, HP has shifted a m^or portion of its physical layer 
activities from IEEE 802.12 to Gbitys IEEE 802;3. This is 
sensible because Gbit/s IEEE 802.12 and IEEE 802.3 can 
use the same physical media interfaces. 

IEEE 802,3 Gbit/s Ethernet 

The IEEE 802.3 conmiittee is responsible for development 
of the Etlieniet LAN standards. In 1996, a crescendo of 



acclivity began to extend this data rate by another factor of 
10 to interconnect 100-Mbit/s hubs and switches. Tlie fast 
pace of the Gbit/s Ethernet standards development effort 
drove the need for joint efforts between CSSD and HPL 
Bristol to formulate and quantify HP's optical teclmology 
strategy to meet the requirements of this standard. The 
development of physical layers at Gbit/s data rates 
brought to the forefront the two key techiucal challenges 
previously debated during the ATM Forum OC-12 specifi- 
cation development: modal noise and robust transmission 
methods for 500-m backbone links using installed 62MMF. 

Since the OC-12 debates, HPL and CSSD have worked 
actively to miderstand and quantify these issues both in- 
ternally and extemalJy in various ad hoc industry groups 
and star\dards task forces. Much of the knowledge and 
experience gained from our internal research and tlie 
external fcinims was used to develop the successful dual 
technology proposal that HP presented to IEEE &02:3z in 
Jiilyofl996,s^^ 

Because of their higher modulation rates and narrower 
spectral widths (compared to LEDs) Fabry-Perot laser 
diodes and VCSELs are th€> candidates for Gbit/s Ethernet 
standards. All new^ leading-edge LAN standards evolve 
from the progress made in previous or related current 
standards. In the case of Gbit/s Ethernet, the launching 
vehicle was the Fibre Channel standard operating at 
100 Mbytes/s or an 800-Mbit/s serial data rate. Because 
Fibre Channel uses an 8B10B line code and incorporates a 
62.r5-Mbaud control chaimel, its line rate is 1.0625 Gbaud, 

The vast niEyoritj^ of installed LAN building and campus 
backbones in the U.S. and Europe use 62MMF A recent 
survey conducted as part of the Gbit/s Ethernet standard 
development process concluded that 44% of the installed 
62MMF links in the U.S. have greater than 500-m link 
length. However^ Fibre Chamiel is an intercoiuiect stan- 
dard and it was perceived satisfactory to achieve a worst- 
case maximum liidc lengtli of 500 m witl\ 50M1V1F at 1. 062 5 
Gbaud if this resulted in the tow^est-cost interconnect 
solution. The Fibre Channel 50MMF link specification is 
not sufficient for LANs, which are dominaled by 62MMF. 
50MJV1F has a 500-MHz - km w^orst-case modal bandwidth 
specified with overfilled launch (see Figure 4) at 850 nm. 
while only 160 MHz ■ km worst-case modal bandwidth 
under the same conditions is achieved with 62MMF. 
Therefore, Fibre Channel operating on 62MMF achieves 
less than 340-m tmk lengths at 1.0625 Gbaud, as shown in 



Oecember 1^7 * The Hewlett-Packard jQumal 



)Copr. 1949-1998 Hewlett-Packard Co. 



Figiire 4 

Schematic representanon ofowBrftlted launch and 
restricted mode iaunck 
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Figure 5. The inclusion of 780-nin lasers woidd reduce 
the Fibre ChanneJ link length to less than 300 ni. Ghitys 
Etliemet uses the Fibre Channel SBIOB line code, which 
results in a 1.250 Gbaud Ime rate. As shown in Figure 5, 
tiie 18% higher data rate of Gbit/s Ettiemet results in 19% 
shorter link length. This reduces Uie worst-case link 
length to =-270 ni with 62MMF, far less than both the 
installed G2MMF L\N link lengths and the lengths speci- 
fied in ISO/IEC 1180L This disharnmny witli ISO/lEC 
11801 and installed L.\N requirements provide fl the 
motivation for the dual link technology strategy proposed 
by HP at the July IBOf) meeting of the IEEE 802.3 Gbitys 
Etlieniet connniitee. This strategy was iaimched by joint 
efforts at HPL Bristol and CSSD. The technical problems 
raised by the HP strategy and our proposed solutions are 
I he piimar>' focus of the remainder of this paper. 



Lon9>Wavdt#ngtii Lav^r and Multimode Fiber Links for 
Gbrt/s Ethftnidt 

Because of the limited link length capability at 1.250 Gbaud 
of S50-nm laser diodes with G2MME a proposal was need- 
ed to service tJie installed base. The logical choice was to 

use existing 1300-nm laser diode single-mode fiber trans- 
ceivers for single-mode fiber links up to 3 km and to ex- 
tend the hnk length of multiniode liber However, the use 
of long-wavelengtlt laser diode single-mode iiber transmit- 
tei's m coixjunction with multimode fiber has traditionally 
been resisted by fiber-op dc^ link designers because of the 
potentially catastrophic problem of modal noise. To sup- 
port HP's proposal, it was necessaiy^ to develop theoreti- 
cal and experimental evidence tliat a long- wavelength 
solution was robust to modal noise. 

fyiodai Noiae 

Since the mid 19805, there has been concern about modal 
noise cattsed by mode-selective loss when using relatively 
coherent laser diodes with multimode fiber links (see ref- 
erenc^c 10 and the references therein). Early research con- 
ducted at HPL Bristol indicated that 1300-nni laser diodes 
operating with 02MJV1F have the same modal noise perfor- 
in an ce as the 850- nm laser diodes operating viith 50MMF 
within the ATM Foiimi OC-12 specification. Additionally, 
with 1300-nm laser diodes, the 62MMF link length sup- 
poiterl (with the existing long- wavelength 50Q-MHz ■ km 
overfilled launch modal bandwidih specification) Ls == 850 
m, as shown in Figure 6. Tliis link length exc*eeds the 
500-m building backbone length defined in ISO/IEC 11801 
but falls shoU of the 2-kni 62MMF c^ampus ba<*kbone 



Figure 5 

Link lengths with B2Q-to-8B0-nm lasers and worst-case 
62MMF. 
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imk lengths with l30Q-nm lasErs and 62MMF with 500 
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Figuie 7 

Worst-c3se ISO/IEC 11801 mod&seiBctive loss (MSU model. 
Fiber-optic connectors are represented by solid circles and 
optical splices by open squares, ISO/IEC I WOl allows two 
worst-case connectors and splices per fink. For a worst - 
case mode-selective loss model all losses are assumed to 
be mode-selective. Patch cords at itie transmit and receive 
ends of the link are assumed to be 10 m and 4 m long, 
respecti\/ely, to maximize modal noise. Total link mode- 
SBlective loss is 2.85 dB. 
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• Worst case connector loss (ft. 75 dB) and 
splice loss (0.3 dB} lumped tDgetlier 

— MSLolA = 1.05 dB 

— MSLolB = 1.0SdB 

— MSL of C = OJS dB 

• MSi is distribufed throughout ihe link 



leiigili .specified for many lower-data-ral.e LANs. Figure 6 
shows that a modal bandwidth of = 1 200 MHz ^ km is 
needed to support Lhe 2-kni 62MMF link length al; 1.250 
Gbaiid, 

Allocation for Mode-Selective Loss (Modal Noise): Theory. 

Mtmy Kiaiidiuds (ATM Fonim, P'ibre Cliannel, Serial HIP- 
PI) contain power penalty allocations to allow for mode- 
selective loss. A modal noise theory^ ^ \vas t>een developed 
and used to i>redict tlie worst mode-selective loss alloca- 
tion for all Ihese standards. 

In addition, an ad hoc industry group (Ilewlett-Packardj 
Honeywell, IBM, VTXEL), sometimes called the 7nodul 
noise test methodology group, d^n^eloped an initial mode- 
selective loss power penalty mea'^iiremc^iu test procedm'e. 
A PC-based simulation tool developed by HPL Bristol un- 
plements the theor>* of reference 10 and the tool has been 
accepted by the group for calculating worst-case power 
penalties. Recently, a tlrafl lest procedure was transferred 
to the TIA FO 63 committee for standards development . 

Distributed Mode-Selective Loss. An importaiil conclu- 
sion from Lite original theor>^^^* and the work of the modal 
noise lest methodology^ group was thai mode-selective 
loss is distributed tlironghont a fiber-optic link. 



Theory predicts that mode-selective loss close to the 
transmitter will usually generate the most modal ncjise. 
However, even tor Llie worst-case link niociel of ISOflBC 
11801 (Figure 7), only 2.85 dB of loss can be piaced near 
the transmitter for short link lengths. To maxmiize modal 
noise, a 10-m patch cord is assimied at the transmit end 
and a 4-m patch cord at the receive end of the link. The 
initial lO-m patch cord ensures that both low-frequency 
and high-frequency modal noise is present. ^^' For tht^ eal- 
cidation, tlie w^orst-c^ase loss of the connector and splice 
at each end of the link are lumped together. The resulting 
L05 dO of loss is assumed to be tolMly mode-selective 
loss and the minimiim separation between tlie two 1 .05 dB 
mode-selective loss points is 4 m. An additional 0.75 dB of 
mode-selective loss is assmned to be present at the con- 
nection to the optical receiver. The total amount of mode- 
selecrtive loss is 2.85 dB. 

Figure 8 shows the calculated pow^ei' peuaities as a finic- 
Uon of luik length for ISO/IEC 11801 links for botti short- 
wavelength and long- wavelength lasers. The cal emulations 
assmned three laser modes having relative intensities of 
0.1, 1, and 0.1, a linewidth of 5 GHz (laser modulated) fur 
each motle, and a mode partitioning factor (k) of L It is 
deal' from the theoretical model thai the worst-case power 
penalties for the short- wavelength 50MJVIF and the long- 
wavelength 62MMF are equal I'his is primarily because 
both multimode fiber transmission systems support the 
same number of modes at these respective wavelengths. 



Figures 

Calculated power penalties for S50-nm 50MMF and for 
ISOO-nm 62MMF laser diodes, and the worst-case ISO/IEC 
nSDl model. 
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Figure 9 

Cafcutatsd worst-case power penalty for 50MMF, B5Q-nm 
laser Imks as a function ofrms source width usmg the 
model noise test methodoiogy group model 
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Modat Noise Test Methodology Group Wor?t-Case Lifik 
ModeL To ensure that a reascmablf \^'oi^t-case Ibik is ana- 
lysed and experimentally tested, the ad hoc modal noise 
test methodology group assmiied that three 1-dB points of 
mode-selective loss separated by 4 ni are placed 12 ni from 
the transmitter output comiector The distance of 12 m 
ensures that the link has enough bandwidth for both higli- 
frequency and low-frequency modal noise to be present 
and close to Llieir maxim urn levels.^*' 

Predicted worst-case power penalties, according to the 
modal noise test methodology group model, for short- 
wavelength and long-wavelength lasers as a function of 
tlie laser nus sjjectnil width arc! plotttxl in Figure 9 ^mtl 
Figure 10. Max inn mi x>ower penalties of appro^dmately 



Figure ID 

Calculated worst-case power penalty for B2MMF, 1300-nm 
laser links as a function ofrms source width using the 
modal noise testmediodology group model. 
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1 dB are predicted as specified by ATM Forum, Fibre 
Channel and Serial HIPPI standards for operation at 
either wavelength. 

Modal Noise: Experimental Results. Mod^d noise tc^sting 
has been concentrated on a selection of Hewlett-Packard 
low-complexity; 13t)0-nin coaxial lasers, which are ex- 
pected to produce worst-case modal ntiise peifomi^ince. 
All tests were (X)mputer-contrf>llefl, as depictetl in Figure 
11. The modal noise test box contahis the three points of 
mode-selective loss and a reference path as required by 
tlie draft modal n<jise test i^roc^edure. During the testing 
the fiber wiLs mc^cluuiically agitatc^d and tlie temperature 
of the lazier luidcT test was continuously ramped. Although 



Figure U 

Computer-controlfed modal mise powBrpemlty mmsurement setup used for modal noise testing. 
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near worst-case long-wavt^leTigth lasers have been tested, 
the? niaximiini power penalty observ-ed to date 15 0.3 dll 
Thiis is consistent with the predicted niaxiniiini power 
penalty of 0.6 dB for Uie coaxial lasers. A set of modal 
noise tost results is shown in Figure 12, 

The modal noise data summarized in this section led to 
consensus within the IEEE 8()2.3z committee that the HP 
dual teclmology sti^ategj' w^is tlie best option for Gbit/s 
Etheniet. 

EKtended Link Lengths: Restricted Mode Launch 

In contrast to short-wavelength transceivers, long- wave- 
length transceivers easily meet the 500-m link length 
needs for bidlding backbones even with worst-case 
02MMF biiiiidwidtlis. llowovor, achieving link lengths of 
2 km as required for campus backboties retiuires new 
technical developments even at w^ave lengths of 1=^00 oni. 
Vnr this reasoHj there is interest in using restricted mode 
launch to increase tlie bandwidth -distance product of 
multimode fiber Such techniques are applicable to both 
short- wavelength and long-wavelength operation and to 
both 62MJVIF and 50MMF systems. The TLA has started a 
task group, TIA FO 2.2, to uwestigate restricted mode 
lauiicli into mLdtiniode fiber. If the work of TIA FO 2,2 is 
successful, the IEEE 802.3 and IEEE 802.12 Gbil/s LAJMs 
are expected to incorporate restricted mode launch mto 
their s^pecificatians. 

Promising residts have been presented to TIA FO 2.2 
using various restricted mode lamiches (see Figure 4) to 
increase the bandwidth of multimode fiber. Unfortunately, 
the restricted mode launch effect with installed fibers is 
not completely understood and many questions need to 
be ai\swered (installation effects, niechiinical stability, 
connector effects, etc/) before LAN specifications usmg 
restricted mode launch can be developed. 

Pre!iininar>^ data reported to TIA FO 2-2 has iiTdicated that 
the modal bandwidth can also be reduced below over- 
filled launch values w ith some forms of restricted mode 
launch. Even when pure single-mode laimch is used, con- 
nedor effects have been observed to signiflcanl ly reduce* 
iiKidal bandwidth. Ttiese results indicate^ that some forms 
t>f restncted mode lamich may not be a good solution for 
currently installed fiber 



Figure 12 

Measured modal noise power penalty of a low-complexity, 
codXfBl, 1300-nm laser using the ad hoc modal noise group 
test methodology. The power penalty is < / dB. 
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Restricted Mode Launch Theory. Modem graded-index 
multimode fibers have approximately square^law refrac- 
tive index profiles. The modal field distribution can thcrre- 
fore he modeled, at least to a first approximation, as the 
lu^ld distribution of the modes of a square-law medium. 
In addition, it is well established that the WKB method^ ^ 
c:an be used \o calculate tht^ ilelay time of tlie modes. For 
power-law^ refractive index jjrofilcs, simple analytical 
expressions for tlie delay exist. ^^ 

Using tlie analytical expressions for the field distributions 
and the delay times, it is possible to calculate the nns 
impulse width of a multimode fibeu. in addition, other 
relevant parameters such as the coupled powder can be 
estimated. Figure 13 shows a plot of the bandAvidth gain 
(restricieti mode launch bandwidth divided by overfilled 
laimcii bandwidth) for single-mode excit-atioii of an ap- 
proxunately square-law 62MMF as a funclior^ of the^ offset 
of the single-mode beam from the center of the fiber core 
and as a function of the single-mode beam 1/e waist. 
There is a laige gain in bandwidth for center launch w^hen 
the single-mode excitation has a waist equal to the waist 
of the fimdamental mode of the 62MME Snniri singly, 
there is also a gahi peak for offsets neai' one-half the fiber 
rachus. Tlie 62MMF bandwidth again increases for huge 
offsets. Miile the hitermediate and center launch would 
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Rgure 13 

Bandwidth gam contours fof smgfB*modB excftstiofi com- 
pared to overfiUed launch fiber bandwidth, at a wavelength 
of 1309 um, for approximately square-fdw B2MMF. The x axis 
is the offset from tf^e center of the fiber core inii m and the 
Y axis is tfie team yvaist in^rn of the singie-mode exciting 
beam. 




generally exliibil high coupling efficiencies, the larger 
offsets woiilti siiTfer from substantial power loss. 

Experimental Results; Single-Mode Fiber Center Launch. 

We have investigated restricted mode launches of low- 
complexity, 1300-nm coaxial lasers into C2MMFI The fiber 
used for the i?xperunents had an overfiUed laimch band- 
wid Ill-distance product of 638 MHz * km- The output of a 



Figure 15 

Measured eye diagram at J-25 Gbmd wrtfi /3flO nm 
transceivers separated by 2 km of SIMM f. 




l;3(K)-nm coaxial laser module with an SC connector was 
connected directly Lt> vtmous lengtlis of 62MIVIE center 
launched. Each fiber length was made up by concatena- 
tion of 500'in reels of cable. Figure 14 and Figure 15 
show the measured eye diagrams of zero and 2'km 
len^h links. Clearly, the eye is open to distances of 2 km. 
Figure 16 plots the meastu^ed power penalties for various 
link lengths up to 2 km. The power penalty at 2 km is less 
than 0.2 dBal 10-^'^BER 



Figure 14 

Measured eye diagram at 125 Gbaud with ISOO-nm, hack- 
to-back transceivers 
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Figure 16 

BEH curves for 0-km, Q.5-km, l-km, and 2-km link lengths. 
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However, with some fibers, particularUy fibers with center- 
line refractive index defects, smaU connector offsets of 
the oi'der of 5 micrometers re*iull in \ er>' law biindwidth 
compared Id overfillcfl lannch. The use of festricted mode 
lamicii results in links much shorter than those obtained 
with ovi^rfUled launch for these fibers. 

Experimentah Offset Restricted Made Launch. A surpris- 
ing prediction of Llie tiuH)relical model (see Figure 13J 
IS the occiurence of three bandwidth gain peaks. Experi- 
mental measurements of the bandwidtii gain versus offset 
ff^r a single-mode fiber-to-'62MMF laimch are plotted in 
Figure 17. The wavelength of the Fabiy-Perot laser diode 
used was 1300 nm. Tlie measured refractive index profile 
of the 62MMF had no dips or peaks and was approximately 
square-law. Tlu^ee gain peaks were observetj near the 
lheoretic!ally predicted offset values. 

Although offset single-mode launches are restricted, for 
62MMF and offsets in Oie range of 15 \m\ to 25 fxm, the 
output intensity distribution is only slightly restricted 
compared to overfilled laimc:h. Tliis favorable excitation 
of the multimode fiber results in bandwidths equal to or 
greater than the overfilled laimc^h bandwirith. We have 
observed that at least en (^rfilled launch ban fl width van be 
acliieved witli oft set laimch on ;iJl fibers tested In date. 

We have also investigated the modal noise penalties, con- 
nector effects, and mechanical stabifity of offset lamiches. 
No problems have been encoimtered in these areas. How- 
ever, it is not clear that offset launches could be easily 
integrated into HP's manufacturing processes- HPL con- 
tinues to investigate both center launch and offset launch 
to determine which t>^De of lamich is best for vaiious LAN 
and intercomiect systems. 

Gbit/s t€EE 802.3 Link Specification Status 

The July 1996 IEEE 803.3z Gbit/s Ethernet plenary* meet- 
ing agieed to adopt tw^o optical interface speciricatit)ns. 
One interface is defined for B50-nm lasers to achieve link 
lengtlis of ==250 m with G2MMF and -500 ni with 50MMR 
Tins gives up some extended link length pertormance to 
achieve the lowest possible cost. The second interface is 
defined to meet the histalled 62MMF bnilding backbone 
link lengths with 1300-nm transceivers, which achieve 
3 km with single-mode fiber and =500 m with both 
62MMF and 50MMF. Because the bandwidth achie\Td 
with center launched transceivers may be less than the 
overfilled launch bandwidth ^ IEEE 802 .3z has defined its 



Figure 17 

Measured bandwidth gain versus offset for single-mode 
f!ber-to-62MMF launch at a wavelength of } 300 nm. Three 
gain peaks are observed as predicted in 
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link lengths using a worst-case modal bandwidth. If 
conditioned launf*hes that guarantiee cj\erfilled launch 
bandwidth are used, the IEEE 802,3z draft simidard 
allows longer link lengths. 



Conclusion 



CSSD's and HPL's involvement in embryonic standards 
provides valuable insight that allows us to adapt our stan- 
dai^ds and research strategj' to increase the probability of 
it being accepted. Our involvement in the ATM Foium 
OC-12 specification led us to refocus our VCSEL develop- 
ment to operation at wavelengths near 850 nm rather t ban 
980 nm. Tliis was because multimode fiber suppliers w^ere 
opposed to specift'ing the higher multimode fiber modal 
bandwidtii available at 980 nm and because all other laser 
transceiver suppliers were 850-nm focused. Our longer- 
term research w^as directed tow^ards long- wavelength 
VCSELs, which have multiple uses with both multimode 
fiber and single-mode fiber. 

CSSD and HPL have successfully championed long-wave- 
length LEDs for 622-Mbit/s ATM links. We also have 
showm, experimentally and theoretically, that long-w^ave- 
length lasers iiave similar modal noise power penalties to 
short-wavelength lasers when used with multimode fiber. 
For GbiL/s Ethernet, tills enabled us to introduce a duiil 
technology solution: short wavelength veitical-cavity 
surface emitting lasers for extended hoiizontd links and 
long-wavelength lasers for backbone links. The intriguing 
discovery- that restricted mode launch can extend the data 
rate-distance performance of multimode fiber LAN links 
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without increased modal noise penalti^ could revolutjon- 

ize laser/multimode Ober system desigii. For this reason 
CSSD and HPL contintie to in%^estigate restricted mode 
launch. 
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1300-nnn Strained Quantum Well Lasers For 
Fiber-Optic Communications 



Williams, Ring 



SimonJ.Wralhall 



Adrian J. Taylor 



This paper describes new uncooled strained quantum well lasers for SONET/ 
SDH systems. New Fabry-Perot lasers for short-fiaul and intermediate link 
applications are extremely reliable, have high ex-facet power, and have record 
low threshold currents, making lower packaging costs possible. Uncooled 
distributed feedback lasers for the long-haul market at 622 Mbits/s and 
2.488 Gbits/s are discussed. These operate from - 40''C to -i- 85°C with 
extremely good threshold and power characteristics. 



I 



. n recent years there has been increiisGd enipha^iia ijn t^ost and 
perfonnance issues for teleconiinunjcatioiis lasers. Tlie drive to push fiber 
to the curb (FTTC) and fiber to the home (FTTH) can only be fully realized 
when inexpensive laser transmitter modules become available. 

The drive for lower cost has forced the move to uncooled semiconductor 
lasers, which require high output powers and low threshold currents over the 
temperature range of - 40 ""C to + 85°C. combined with inexpensive packaging 
technology. The type of laser used depends primarily on the Unk length 
and operating speed. The Synchronous Digital Hierarchy (SDH/SONET/x\TM) 
standards pertaining to the use of either multimode or single-mode lasers 
specify the basic requirements for spectral purity and operatmg wavelength 
range appropriate to the fiber characteristics. They also dictate whether a 
multimode, Fabry^-Perot laser or a single-mode, distributed feedback (DFB) 
laser is used in the system. ^ For most shoit-haul and intermediate link length 
apphcations, the STM-l (155 Mbits/s) and STM-4 (622 Mbits/s) slandai'ds 
dictate that a Fabi'y-Perot laser should be suitable. For long-haul applications 
a distributed feedback laser is reconmiended for wavelength slablUty and 
dispersion. As systems move to higher speeds, such as STM-l 6 (2.5 Gbits/s) the 
emphasis moves to distributed feedback lasers, even for shorter liid< lengths. 
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Rgurt* 1 

Diagram showing how strain spfits the rwo degeneraiB 
valGnce bands in a if t-V semiconductor and how the sign 
oftfie strain governs whether the TE (transverse electric} 
or TM (transvBfse magnetic) gain is dominant. 
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For tlie STM-1 and STM4 short.-IiaiiJ and inteniTediate 
lijiks, 130()-mii Fabiy-Perot lasers are the main dc^vices 
employed. For operation without a tiiermoeiectrlc coolei' 
there are diffifullies in tk^sigiiing a laser thai is lonipera- 
turc insensitive and has high output pfjwer. It has been 
known for some time thai long-wavelength telecommu- 
nication lasers suffer Jrom an inherent temperature sensi- 
tivity problem that is not obser\"ed in short -wavelength, 
GaAs-based devices. This is believed to result from the 
small bandgap and Ihe associated nonradiative and 
absorptive processes tjf Auger n^eombinalion :md iriter- 
valence baiKl absorption, whirh then become signifieani 
at longer w a ve lengths, 

Fabrv*P#rot 1300-nm Strained Quantum Well Lasers 

It. was predicted theoretically in 198G that introducing 
strained layers in the active region of long- wavelength 

lai>ers shoultl improve the tenipe ratlin* performance."' '^ 
The physics behind this is that liie strain introduced in the 
crystal lattice splits the degeneracy of the two valence 
bands in the semiconductor, enhancing either TE (trans- 
verse electric) polarization optica] gain or TM (transverse 
magnetic) polarization optical gain (see Figure 1). The 
strain can be accommodated elaslically if the total thick- 
ness of the strained layer is less than the critical thickness 
of the material system. Critical thickness is the point at 
which the elastic eriergy in the layer is equal to the energy 



required to introduce fUslocations into the crystal lattice. 
The value of the critical thickness was originally calcu- 
lated by Mathews and Blakeslee'* and is equivalent lo a 
strain-thickTiess product of approximately 10 mn%for 
InGaAsP/InP (e.g., a 10-nm thickness with 1% strain). 
For practical de\i€e purposes, only thin layers, that is, 
strained quantum %veil devices, can realistically be grov^TL 

The first realization of strained quantum weU devices 
occurred for 15.50-nm strained quantum well lasers in 1989 
and 199(J with the demonstration of increaserl ex-facet 
power (power out of the laser chip into a broad-area 
detector) and reduced threshold current. A high charac- 
teristic temperature (Tq) of 90K was reported/^ Initial 
effori maijily concentrated on IS-^fl-nm devices for long- 
haul Imks to improve the power budget. Meanwhile, work 
on 13CM)-nin quantum well devices has iiighlighted another 
fiactor that leads to increased temperature sensitivity: loss 
of carriers out of the quantum weU/^*^ 

Design Issues 

The most common material system used to grow 1300-mii 
and I55()-nm long- wavelength lasers is tlie InGaAsP/liiP 
system. This material system suffers from tlie fact that the 
ratio of the conduction band to the direct bandgap is 0.4, 
compared to an estimated O.fitii 11.85 for (laAs-based 
systems- For 1300-nm quantum well lasers this leads to 
an energy difference between the electron confined state 
and \}\v l)arrifT material on the order of 1 to 2 ki,T or 25 to 
50 meV at room temperature. This can lead to a signifi- 
cant excitation of carriers out of the quanttuu weU or a 
large carrier density in the barrier material at elevated 
temperatures. A large carrier density In the bitrrier material 
degrades the perionnance of the iasei; clausing incireased 
temperature sensitivity and reduced ex-facet power. 

An alternative material system is the InGa.^lAs/InP system, 
in which t!ie ratio of the conduction band to the direct 
baiutgap Ls 0.7. Tliis gives increased electron confinement 
The electron c^onfined stiite energ>^ can llien be designed 
to be 4 to 5 kbT or 100 to 150 meV at room temperature,^ 
signincantly larger than the !nna\sP system. I 'nforiu- 
nately, because of the aluminum content and associated 
reliability issues, only ridge laser siructujvs are presently 
fabricated using this material system. To achieve low 
threshold currents, burial hHrm/strffrinre lasers, wliich 
have Ijetler electrical and optical confinement, are 
preferred. 
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We have investigated 1300-nni strained InGaAsP/IiiP active 
regions to try to oplimizt* the dc'vic^e iierformaiice for low 
tiiresliold crunent and liigli cx-lac:et powt^r from - 40''C to 
+ Sb°C, The following section outlines the main results 
from our experiments, which led to the development of a 
highly successful l^Ofl-nm quantum well laser. 

Optimize tiofi of Can fined State afid Bsfrler Energy 

The energy difference between the electron confined state 
in the quantum well and the banier layer can be calculated 
using a cryslai energy band modeling method^ (model 
solid method) combined with a k.p olTeciivt^ mass one- 
dimensional .square well potential model The k.p metliod 
is a band stnicture modeling technique by which the 
effective mass of the electrons and holes is calculated 
from the energy gaps of the semiconductor. 

The mc)d(?l soiici method calculates the band edge energiGS 
relative to the* vacuum level using a density functional 
matiiematical method. These can then be used to calcu- 
late the conduction bajid and valence band energy offsets, 
\hiit is. the depth of the qu;mtum wells. These, combined 
with the effective mass and its energy dependence from 
kp theory, are used to find the positions of the energy 
states in the quantiun welL 

To optimize tiie energy difference, the well, barrier com- 
position, and well witltli ^irc^ varied. To illustrate the en- 
hiiUicement that cm\ be acliic^ved using a strained quantimi 
weO companxl to a lattice matched quantum well struc- 
ture, wc have plottcfl in Figure 2 the energy difference as 
a function of well width. For the eqiuvalent emission 
wavelengtli of 1300 mn there is an improvement in energy 
difference for the strained layer structure. This, coupled 
with { 1 ) the smaller canier density in the quantum well 
due to increased diiTerential gain and (2) tht^ polarization 
disc^riniination of the strain layers, improves the device 
characteristics. 

Fabrication 

To imderstand the design limits for the Fabry-Perot laser 
de\ice, we grew several wafers v\ith the same active- 
regicm strmn, but different numbers of quantum wells 
and different guide layer (separate confinement hetero- 
stnicture) ihic^kness. The devices were groi;\7i using atmo- 
spheric-pressure metal organic chemical vapor deposition 
(MC)CVT)) in a horizontally configured Thomas Swan reac- 
tor. Tlie strain in the quantimi wells was fixed at 0.8% and 
ihe weU width was 13 nm, AH wafers were fabricated into 



our standard buried heterostructure, which uses a p-n-p-n 
current blocking structure to confine the current to the 
active region. 

Jnternal Loss 

The external ex-facet efficiency is related to the internal 
optical absolution loss m the ca\dty by tlie following 
expression, originally given by Biard.^^ 



X 



1 



QjL 



ni "^riiln(l/R)' 



(1) 



where L is the ca\ity length, R is the facet reflectivltyj a\ 
is the internal absorption loss, iij is the internal qu;mtiim 
efficiency, and r)tj is the external differential quantum effi- 
ciency. Using equation 1 and plotting the uiverse of the 
differential efficiency against the cavity length we can 
obtain a value for the internal loss of the laser ca\it5'\ 

In a quantimi well lasei", when there is no inter\^alence- 
band absorption, the internal loss per quantum well 
should be linear with the number of wells, since the inter- 
nal losses do not depend on carrier density^. We plotted 
the calculated internal loss for de\ices with different 
numbers of wells and found a linear dependence (see 
Figure 3). The lowest loss obtained was 4.5 cm~ ^ for 
foiu^ quantum wells. Tliis eqitates to an ex -facet slope 
efficit^ncy of 0.42 mW/mj\ for a 350-pm-long chip, with 
})] = 0.08. Higher output powers can be obtained if a high- 
refiecd\ity coating is Oien apphed to one of the facets, 
because the low internal absorption loss allows more 



Figure 2 

Calculated &nQrgy difference between the elBctron con- 
fined stale in the well and the barrier energy for strained 
and lattice matched material. For the equivalent emission 

wavelength from the well, the strained multiple quantum 
well laser has a higher barrier height 
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Figures 

Measured WBriattan m the inter nai absorphon loss for 0.8% 
stfained multiple quantum wefi lasers as a function of the 
number of wells atlS'Z. This demonstrates the negligible 
effect of imervalence band absorption in J39Q-nm strain&d 
materiat 




4 s s 

Number of Weis 



photons to travel in one rQund trip iii the cavity and 
escape out of the iincoated fac't*t. Typically the Lincoated 
cleaved facet efficiency caii be 0.6 mW/niA for a cleaved 
and high-reflectivity coated device, 

Gain^Curront Curves at 25 C 

A useful tool for understanding the performance of the 
laser is a gaiB-etirrent curve. This can be obtained expor- 
inumtally l>y con winning the measured internal loss with 
the variation of the ihrcshold current density per unit 
length. Normally the gain of a semiconductor laser can 
be approximated by the following logariihuYic expression, 
which takes into account the saiuiation of the gaui spec- 
tniiii at liigh cuixent densities: 



G = Go 



■"(=f) 



+ 1 



(2) 



where G is tlie modal gain and is related to the material 
gain g by the optical confmement factor T (the overlap of 
the optical field with the active material), thai is, G - Pg, 
i]l is the internal quanfvmi efJlciency, ^^\^^ Ls the threshold 
current density in A/cm-, Ju- is the transparency current 
density in A/cm^, and Go is the modal gain coefficient. 
If we rearrange eqviation 2 and plot InC-Inu-) vei"siis the in- 
verse of the length, the slope of the ^raph gives the nio{ial 
gain coefficient Gq and the intercept is related t*j the 



transparency current density Jip The modal gain varies 

with the number of quantimi wells in the stnicture fsee 
Figure 4)- Tlie smaller the nimiber of wells the faster tiie 
gam rolls off with increasing current densit>'. For 9- well 
and 7-welI material the gain-current cun^es are ver^^ simi- 
iar at 25"' C. but as we will see later from die temperature 
dependence of the threshold current, a difference be- 
comes apparent, especially when trying to optimize for 
good 85'^C characteristics. 

Thrashold Current between 25'C and Si^C 

The relationship between threshold current and tempera- 
ture for semiconductor lasers is commonly characterized 
by an exponential f miction, which is used to associate a 
trharacteristic lemperatm-e T„ v^ith the device structure. ^^ 
The expression is; 

JthCT2) = JthCTi)exp(AT/To), (3) 

where Jth is the threshold current or threshold cinrent 
density ami AT^T2 -T] is the temperature difference. 
This expression is essentiaUy valid only above 250 K, 
when the threshold curient begins to increase rajiidly 
with temperature. 

The target threshold current for the product was a maxi- 
nmm of 30 niA at 85^ i\ Different active region structures 
were characterized over temperature aiTci a ftitrong cor- 
relation of the threshold current with the number of quan- 
t um wells at elevated temperatures was obser\^ed (see 
Figure 5), For 5- well structures the threshold current 



Figure 4 

Measured gam-curfent curves for 9% 7-, 5-, and 4- well 
active regioris at room temperature. The smaller the number 
of weiis the flatter the gain curve at higher current density. 
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Figure 5 

Plotted is the trend in threshold current for 280~ii m, 350-a m, 
and cleaved high-reflection coated devices for different 
numhers of quantum wells in the active region atSS^C. The 
smaller the numher of v\;ells the worse the temperature per- 
formancB due to increased escape from the quantum wefls. 
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increased from 5 inA to 44 mA for 350-|im4ong devices 
(To ^ 28K). Meaiiwliile, 9-well devices showed increases 
from 5 iiiA to only 18 niA (T^^ 4SK) over die same temper- 
ahire range. To uncitTrsiand the role played by the optical 
guide layer thicrkntrss on tnther side of the qaaiitmn wells, 
we compared 5- well tmtf 7-w^ell material (see Figure 6). 



Figure 6 

iBmperature performance of 5- we 1 1 and 7 -well lasers at 
iS'^t and 85 C as a function of waveguide (separate 
confinement heterostructure, SCH) thickness. This demon- 
strates that the numher of quantum we I is dominates and 
hence carrier density per well has a more dominant effect 
than the waveguide width. 
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Figure? 

The ratio of the slope efficiency between 85 'Q and 25 'Q for 
B-, 7', and 5-well devices is plotted as a function of mirror 
loss. The main observation is the breakpoint observed for 
the 5 -we It device, indicating that the internal quantum 
efficianay has passed a cridcal point 
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It was very nQticeable that the tlu*eshold current increased 
more drajnatic^dly for 5-wt^11 material than for the 7-well 
material for the same giiifk^ layer. This showed us tliat the 
current density, or eciuivalently, the c:arrier density per 
quantum w^ll^ was the dominant mechanism affectitig the 
temperature sensiti\ity. This indicated that, the excitation 
out of the well material into the barrier layer was a piimary' 
loss mechanism at elevated temperatures for h\GaAsP- 
based lasers at 1300-nm wavelenglh. To fuitlier imdersland 
the significance of this effect we compared the external 
cliff erenrial efficiency between 2^'^C and B5"C. 

Dfffer&nf iai Efficiency between 25 C and 85 'C 

The change in the external differential efficiency is chai- 
acterized using equation L The change in internal loss 
and internal quantum efficiency can be used as a tool to 
understand die dominant temperature dependent loss 
mechanism. Wlien we measiu'ed the slope efficiency for 
the different number of wells and compared the ratio of 
the S5T slope efficiency di\ided by the 25 ""C slope efii- 
cienc:y, a defmite trend became apparent. As the de%ice 
becomes shorter, the mirror loss of the device increases. 
When the slope efficiency ratio is plotted as a fmiction 
of niin^or loss (See Figure 7), it is evident that 9-well 
and 7- wed devices show^ a linear dependence, which is 
expected bcx-ause the intenial loss or quantimi efficiency 
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Figure 8 

Mad^i gain -current curve far a 7- well ieser measured 
at25%3ndSB'Z. The mtemBlims a^ only increased 
from fO.3 cm' ho Il2cm~ ' whilB the internal injecTion 
efficiency t}, varied considerably, failing from 0.98 to 0.65 
between the two temperatures. 




ZflOfl 3000 

Current Oensiiy \lkicn^\ 



4000 



5000 



did not vmy. For tlie 5- well device a bfcakpoiiU Ls ob- 
ser\'€?tl, which is consistent witli ciUier a mjjid increase in 
mtema! loss or a rapid degradjititm in the iiitemal quan- 
timi efficiency. In a laser above threshold it is assumed 
that the Lnternal eillcieiicy lh e<iual to i, but in the method 
of BiardJ^* r|j is not equal io 1 b€?cause it contains con- 
tributions of leakage current^ excitation out of the quan- 
tum well, and other effects- Tlie evidence suggests (hat at 
ii critical <xirrier density, excitatLOii t>ut of the wi'H dnnii- 
nait^s the laser threshold ciurenl and the slope efficiency, 
Fnrther evidence to support this was found when we con- 
striicted a gah\-current t*unT^ for T-well devices at both 
temperatures (hvv Figure 8). The internal absorption loss 
was found to increase only from 10.3 cm ~ ^ to 1 L2 cm ~ \ 
but }]\ decreased from OJKS to 0.65, showing a marked 
reduc:tion in electiical-to-optical convemon efriciency. 

RfiliabtlitY 

The reliability requirement for teiccommunications 
I>rc)fhicts is a field lifetime of approximately 25 years. ^*' 
To validate whether the active region design Ls suitable, 
an accelerated aging test is ] performed and preditMic^^s fr)r 
tlie median aiui lower tentii percentile lUetimi^s ai'e calcu- 
lated. The standard testing regime is to hold the device at 
85"C and monitor the change in threshold current with 
t he device driven ap|>n)ximat ely ii\ rat ec! power. 



As initially pointed out. the introduction of strain in the 

active region of the de\1ce can be accommodated elastl- 
cajly only if the total thickness is less than the critical 
thickness for the niMeriai. Dislocation-free material is 
ideal for a laser device, but typically a defect density 
of less than 10"*/cm- is sufficient for operation. For a 
strained multiple quantmn well stack it has been shov^Ti 
that a factor of 4 to 6 times the critical thickness can be 
accommodated before dislocation formation is so severe 
as to degrade the de\ice perlbrmance. A rule of thumb is 
a maximum critical thicioiess of 4x10 mn% for a strained 
multiple quantum well stack. 

Dislocation fonnation in the active region can lead to hot 

spots and leakage current paths that degrade the de\ice 
performance over its life. For !:*-well devices the estimated 
strain-thickness product is 9 x 0.8 x 6 nm or 43 njm%, which 
is over the maximnm limit. The 7-well structure is 33 nm% 
imrl under. Strain f:ompensation can be introditced by hav- 
ing the opposite mismatch in the guide layers. Tliis is not 
equivalent to growth of zero-net-strain structures, but can 
paitially compensate the overaD straiii'thickness product. 
Both ^J-well and 7 -well wafers were life tested for 0000 
hours and exhibited linear degradation rates less ttian 
0.75% per 1000 hours (see Figure 9). Metlian lifetimes 
were predicted assuming a powi*r-law dependence at 



Figure 9 

Accelerated aging test at 85^C for B-well and 7-well devices. 
The tfne indicates a degradation rate of 0.75% per khr Both 
types of device show very good reliability^ with predicted 
lives of IB yi W^hrat85 C. 
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Figure 10 

Light-versus-current characteristic for an uncoated J-well 
laser. The slope efficiency is 0.4W/A at room temperature 
and the measured far field was 23 by 27 , 
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85° C. The median life for 7- well lasers was estimatGd at 
2-6 X 10^^ iir (tJie failure criterion Is median life < 40,000 hr 
at S5''C). The 25°C metlian life emi be calculated, assuming 
an activation e?nergy ol' O.G eV to convert, the acceterated 
test to its room temperature value. The estimated median 
life is 1.9 X 10^ hr or 2100 years^ which is suitable for all 
telecommunications system applications. 

Uncoated 5-well laser devices were also life tested at 
SS^'C, but because of their extremely [joor temperature 
performance, they exhibited large changes in threshold 
current within the first 600 hours. The typical increase in 
threshold was approxhiiately lO^^i. Tliis was unacceptable 
from both a threshold current and a reliability standpoint 
and the design was rejected on that basis. 

Fa bry^ Perot Laser Device Conclusions 

The main conclusions from the chip investigation above 
show tliat the dominant factor affecting tiie liigh tempera- 
ture operation of the 1300-mn InGaAsP/InP buried hetero- 
structure laser is the carrier density per quantum weU. 
To achieve good reliability, high ex-facet jiower, and low 
threshold currents, an optunized design of a 7-well device 
was chosen. The nmnber of quant luti wells doinlnaied 
over the guide layer tliickness, allowing us to achieve a 
nearly circular far field of 27"' by 23" by modifying the 
guide layer tliickness at some cost in temperature peifor- 
mance (see Figure 10). This approach has been bejicfi- 
cial from a manufacturing and packaging \iewpoint- The 



existing coaxial laser package has recently been super- 
seded by a new welded version that in cor[)0 rates a ball 
lens, offering a significant cost reduction compared to the 
previoiLS package. The lower internal loss and higli ex-facet 
power achieved with a cleaved high-re flecti\ity coated 
chip makes it possible to achieve 2 mW out of the fiber 
without the use of expensive aspheric lenses. The vom- 
bination of chip and package now becomes a low-cost 
solution that has manufacturing, marketings and business 
acivanlages. 

Uncooied 130D-fiffi Distributed Fe^dbuck Lasers 

Uncooled distributed feedback lasers are emerghig in the 
marketplace to replace cooled transmitters. The arena 
they address is the long-haul SDll/SONET specifications 
for 622 Mbits/s and 2.488 Gbits/s, where the dispersion 
and the window of operation cannot be achieved by a 
Fabr^^'Perot laser because of its broad spectral width and 
wavelength temperature coefficient. The principal differ- 
ence between the Fabi'y-Perot laser and the distributed 
feedback laser is the addition of a grating layer in tlie 
device, which controls the fundamental operating wave- 
lengt h. The differentx^ in the characteristics of Fabr^'-Perot 
and distributetl feedback lasers mv liighliglited in Table I. 



Table 1 

Opm^atinQ Characleristics of Fabry-Pe^rA and 

Distributed Feedback Laser Diodes 


Characteristic 


Fabry-Perot 


Distributed 
Feedback 


Wavelength 


Gain Peak 


Bmgg Mode 


Wavelength 

Temperatiu^e 

Coefficient 


0;3to0.5ran/^C 


<0.1miV°C 


Spectral 
Width (mis) 


1.7 to 2,5 mn 


<lmnat -20dB 


Side Mode 
Suppression 


Multunodc 
Operation 


>30dB 



Distributed feedback lasers have some inherent problems 
achieving single-mode nperatinn over the required operat- 
ing temperatmt* rimge of - 4tPC to -f- B^/^C. h\ tlie next 
sections, w(* will outline the niain areas of (x>ncem and 
show how they can be tackled to produce a more majm- 
facturable product. 
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Siit9t94Vlo<le Behavior 

To gain insight into the b^c principles of operation 
of distributed feedback lasers, we need to derive the 
coupled wave equations and then apply some approxima- 
tions. This w\\\ highlight a significant problem found in 
conventional index-guided distributed feedback lasers, 
that is. single-mode >ield (tlie percentage of devices that 
operate in one distributed feedback mode). 

The introduction of a grating layer into the device struc- 
ture produces a periodic variation in both the real and 
imaginary (gainj parts of the refractive mdex, which can 
be represented by the following equations: 



n(z) = Ho + Ancos(2p2 + 0) 
ct{z) = at, + Aacos(2pz + $). 



(4a) 
C4b) 



where n^ is the mean refractive index, a^i is the mean loss 
or gain. An and Ati are the perturbations from the mean, 
P is the propagation constant for the waveguide, and ^ is 
a phase factor. 

Substituting these into the wave equalion and assuming a 
small pertiu'bation of the traveliiYg wave, that is, u<Cf^ 
An<n, and Aa^a, we obtain the following result for the 
propagation constant k of the perturbed wave: 

k- = |i" + :iipa„ + 4|l[koAn + :\An]cQs(2f\z + (]>), (5) 

where k© is the free-space propagation constant. Tlie ex- 
pression in brackets is defined as the real and imagmary 
[jails of the grating coupling coefficient aiKl is used to 
describe the interaction of the graling with the wave- 
guide: 



[knAn + jAa| 



S^h 



(6J 



where k is the complex coupling coefficient and defmes 
the grating stj^ength. On substitution of equation 5 back 
intf} the w^ave equation aiui assuming a trial solution of 
the pj-field of the form: 



E(;s) = Rfz)e-Jf^^ + S(z)e'f^^ 



(7) 



we arrive at the standard coupled mode representation 
to describe the forward S(z) and backward R(z) traveling 
waves in the cavity: 



dK/dz + (a - j6)R - jkS 
dS/dz -t (a- j6)S = jkR 



(8a) 
(SbJ 



The new term 6 is defined as the detuning of the main 
distributed feedback mode from the Bragg mode,^ that is, 

& = P - Po = 2jmefii(v " V(,)/c 

where p is the propagation constant of a distributed feed- 
back mode, Po is thB propagation constant of the Bragg or 
stop-band mode, u^f£ is the effectrv^e refractr\-e index, L is 
the cavity length, v is the frequency, and c is the velocity 
of light. To simplify things further, we can negJect the 
influence of the facets by assuming perfect antireflective 
coatings. The traveling waves tlien become sinii functions 
in terms of the complex propagation constant y: 

R(z) = ± sinhytz + L/2) (9a) 

S(z) - T sinhY(z - L/2), ^ (Sb) 

w^here 

Y^ = (ct - j6)" - K^ 

Substitution of R(zJ and S(zJ into eciuatioas Ha aiid 8b then 
produces the following general equations: 

Y + (a - j6) = jKe'^^ (10a) 

y-(a-m=iKe'^h (10b) 

Invoking the high-gain approximation, that Is, k<C«, and 
inserting this into equation 10a, we obtain: 

2((i - jb) - ± JKexpCci - ]b)L (11) 

The condition for the resonant modes of the cavity is 
found by taking the phase of t liis expression, wliich gives: 



6L ^ (q + 1/2 )jr + tan ^Kj/k,), 
where q is tlie modt^ number. Thus, we obiaki: 



m 



(V - Vo)(c/2nefTL)-i ^ q + 1/2 + (l/jijtan" Vkj/ic,). 

(13) 

Neglecting the fac^et reflectivity and facet phase contiibu- 
tions, the above expressions sum up the intrinsic problem 
with achieving single-mode operation in distributed 
feedback lasers. First, the resonances are approximately 
c/2n^f^ apart, which is similar to the behavior of a Fahry- 

' The distributed feedback made is tJie g rating mode with rhe highest gam, the one 
that achieves lasing action first The Bfagg mode fs the lemth-prdeF diffri^tiofi modo, 
rfefmed by the pitch of the gmting. 



O 
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Porot rcsonaton Secondly, for the normal type of distrib" 
iitec! feedback structure which uses predominantly index 
coupling (k real), tliere is NO resonance at the Bragg 
mode. Instead, the condition is satisfied only for two 
dc*generate modes on either side of the stop hand. To 
achieve single-mode operation the phase condition should 
equal it when q = 0. This occurs for pure imaginary cou- 
pling when Kj > and k^ = or when a }J4r phase siiift is 
introduced into the grating. 

Temperature Performance 

The temperature [>t*!formaJice of a distributed feedback 
laser is governed by several factors, including the detuixing 
of the distiilmled feedback mode from the material gain 
peak, the strengtli of Oie grating, and the temperature per- 
forn\ance of the active region. To achieve operation from 
- W^C to + 85 '"C, we need lo look at the fundainentai 
picture of what happens to the laser gain spectrum and 
its relative strengt h and position with respect to the dis- 
tributed feedback mode. 

The SDH standards require a spectral t^uriiy coiresponding 
lo greater than ;]() dB of side mode suppression, which 
requires a minimum modal gain difference of -^ 5 c*m ~ ^ 
tie t ween the dominant F'abr^'- Perot mode'^' and the 
disdibuted feedback mode. This is normally achieved by 
roaring the facets of the distributed feedback laser to 
increase the mirror loss of the Fabi'y-Perot mode relarive 
to the distributed feedback mode. We can understand this 
from the gain condition equation of a distributed feedback 
laser The general gain condition for a distribiited feedback 
laser is derived from tlie coupled mode equations by in- 
seiting the correct boundary conditions at the facets. We 
then obta.in: 



(i(p)-/RiE^^i} (r(P) - /R2€^i'^2) 



exp(aL) ^ 1^ 



mi 



where r(P) is the grating reflectivity, which depends on 
propagation constant p, Ri and R2 are the facet reflectivi- 
ties, (fJi and (p2 are the facet pliases, a is the gain differ- 
ence, and L is the ca%it>' length. \\Tien r(p) = we regain 
the Fabry- Perot laser round-trip gain condition as ex- 
pected. Rearranging this into a [nore common fonn: 

' FabrV'Pergi modes $m msamni cavity modes of the Jaser. ie.,l= 2mji/L 



1 - rfk)/Riel<fi 1 - rCk)^'R2^'l>2] 

G = as + fin ^ '-^ f^ — ^ -^ 

^ [r(k) - ;Ri BJ^'i)[r(k) - v'R^eJ^.i) 

(15) 



where a[ is the internal abson^tion loss. We see that, essen- 
tially, the grating introduces an effective difference in the 
mirror lo.ss between the distributed feedback mode and 
the Fabry-Perot mode that is a function of cavity length, 
facet reflectivity, facet phase, and grating coupling 
strength. This can now be used to estimate liie gain differ- 
ence between the Fabry- Perot mode and the distributed 
feedback mode (see Figure 11} as a function of the grat- 
ing strength. To get a handle on the lower limit of grating 
strength to make the distributed feedback laser operate 
over the requinnl temjieraturc^ range we m^etl to measure 
the modal gain spet^tium fV)r thi? various operating temper- 
atures at fixed proportions of threshold and then compare 
this with mirror loss curves of the distributed feedback 
laser 

The modal gain of a 7- we 11 1300-mii Fabry-Perot iaser was 
measured using the Hakki-Poali method^- for three tem- 
peratures (see Figure 12) Jt shows that the three gain 
spectra cross at tJie shori -wavelength side about 15 nm 
from tiie 25''C gain peak, and 20 cm ~ ■ down from the gain 



Figure 11 

Calculated gain difference between the distributed feed- 
back mode and the Fabry-Perot mode as a function of grat- 
ing coupling coefficient k, The Fabry-Perot mirror loss is 68 
cm~^ and for a distributed feedback laser to work over the 
full temperature range a minimum k of 60 cm~ ^ is required. 
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Figure 12 

Measured gain spectra for a Fabry*Perot laser from — 40" 
to ^ 85' C using the Hakki-PoBli method. The three curves 
crass approximsteiy 2Qcm~ ^ tram the gain equals loss 
condition {G= 0) and 15 nm from the 25 -Z gmn peak This is 
used to estimate the minimum grating coupling strength 
required for htlHemperature-range operation. 
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equals loss condition (i.e., G — 0), The curv^e closest to tht^ 
gain condition is the Sb^C spectrum which lias a peak 
of " 5 ctm ^ K similar to the value needed for 30-dB side 
mode suppression. Tliis mdlcates tlial for tiie distributed 
feedback mode to lase over this teniperafui'e range we 
have to impose a mirror loss difference of 20 cm " ^ 
which e^quates to a nuninumi graling coujiling coefficient 
K of 60 cm " ^. In conventional index-guided distributed 
rt*cdba(^k lasers the facet reflectivity and facet phase in- 
ti'<jdu( c s(jnie asymmetry in the gain of the two degener- 
ate distiibuled feedback modes, producing single-mode 
devicc^a. Previous analysis of the single-mode yield by 
many groups has shown that il drop^ off raj (idly as the 
grating coupling strength increaiies, primarily bet^ause of 
the reduction in gain difference between tlie two stop* 
band modes as tJ\e facet contribution gets smaller *^^ 

To overcome this problem we need to inlroduce some gain 
coupling to enhance the single-mode yield. The phase 
condition, equation 12, shows liiat (iu^re is a contribution 
of tan ' ("Ki/Kr)^ When K\ is zero the phase condition im- 
plies that the distributed feedback laser has two modes, 
but the introduction of pure gain coupling, that is, k:i>0 
and Ky = 0, cilJows the phase matt^hing condilion to be 
satisfied at die Bragg mode, which has the highest gain 
to propagate in tlie structure. Hence to achieve fuil- 
temperature-range operation of a distributed feedback 



laser we must use a high couphng coefficient and intro- 
duce gain coupling to enliance the single-mode jield. 

Device Results 

Tlie planar structure for the active region was based on 
our Fabry-Ferot strained quantum well design. The grating 
was n"" doped to block the current periodically and 
thereby induce a current modulation in the active region. 
First -order gratings were defined by holography and dry 
etching. The devices were overgrown witli approximately 
300 mn of hiP and then mesas were defmetl iuitl \'^'et 
chemically etched. Tw^o fiutiier overgrowths were per- 
formed for realization of the standard current blocking 
structure. After metallization the c^hips were coated with 
eitlier a combination of iin antireflet^tion coating and a 
higti-reflection coating or only one facet was coated with 
an antireflection coating. The c:hips were tested firom 
^lO'^C to -h85^C in submodule packages with angle- 
ferrule c^onneclors to minimize tlie optical return loss into 
the chip, llie threshold current and spectra w^ere charac- 
terized. The low^ threshold current achieved at 85''C was 
26 ni.^ for a hill- temperature-range gain-coupled device 
(see Figure 13). 

Investigation of the detuning of the distributed feedback 
mode with respect to the gain peak at 25^C showed that if 
tlie device was detuned to the longer-wavelength siclr by 
more tluui 10 lo 15 nm, low -temperature operation w^as not 
acltievaljlc (see Figure 14), ev(*n though low threshold 
currents of only 18 mA could be achieved. Estimates ft'om 



Figure 13 


Light- current characteristic for a gain- coupled distributed 
feedbacl( laser showing tiie excellent temperature charac- 
teristics that can be produced. 
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Wavefdngth temperature measurement of 3 positfvefy 
detuned distributed feedback laser showing that the side 
mode suppression ratio drops below 30 dB at temperatures 
lower than — 70~C and the laser becomes a Fabry-Perot 
laser at -WC. This shows a iimk on the positive detuning 
for successful low-temperature operation. 
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the detiming experiment revealed that effectively there 
was a I O-nni window for full-teniperatiire-i'ange operation 
vtith devices requiring 0-nni to - 10- mn tleliming to oper- 
ate over the reqitiied range. 

A mjyor c'onc^em with distributed feedback lasers is the 
sensitivity to external reflections, Telecomnnmications 
distributed feedback lasers operating at 1550 nni normally 
employ an optic<il isolator in the package to prevent re- 
nections that would perturb the optical signal. The main 
reason for this enhanced sensitivity compared to Fabry- 
Perot lasei's is the antireflection coating on Ihe front facet. 
W\\\\ the antireflection coating, reflected liglit can easily 
perturb the internal optical field profile of tlie laser, caus- 
ing eitlier double-mode behavior, reduced side mode sop- 
pression, or noise on the data Is (i.e., the on state). 

To achieve low cosi , the package should not use an optical 
isolator. Instead, we designed the grating structure to 
reduce the sensitivity Tlie SONET/SDH specUlcatioris 
require a transmitter device to operate with a niaxiniuin 
discrete rellectance of - 25 dB aiul a maximum return 
loss of - 20 dB from the optical plmit or systenL A mated 
connector should give around — 4{) dB return Itjss, while 
a comiector to air gives — 14 dB, a worst-case s(rcmario. 
We \ aried the grating coupUng strengths to calibrate the 
reflcHiicjii sensitivity of our buried heterostnicture disdib- 
uted feedback lasers. The reflection sensitivity measure- 
ments showed that at relatively moderate grating strengths 



of 50 cm~ ^ the distributed feedback spectrum was per- 
turbe(i to t>ptlcal returu losses of more than -20 rlB. For 
grating strengths ( K) of 90 cm~ ^ and 120 cm ~ ^ the spec- 
trum remained unperturbed even up to - 14 dB optical 
return loss, T!iis allowt*d us to gauge the minimimi strength 
required in our design. 

This need for Mgh couj>ling coefficients for full-tempera- 
ture-range operation aiul immunity to refleclions is useful 
from a manufacturing standpoint because protiibitively 
expensive integral optical isolators are no longer required. 
The only problem liiat remains is the single-mode yield, 
which can be improved by the introduction of gain 
coupling. 

'fypically. Uie single-mode yield in olu* strained quantum 
well distiibutiHl feedback laser do|)ends approximately 
on the junnber of wells in tlu? structure. Extrcinly high 
single-mode yields of 70% to 80% have been acJtieved for 
7-well devices with grating couj>hng coefficients f icL) of 
2.5 to '-l.h. These are ext.remly good results; tyiiit^ally, 
single-mode yields are much smaller than this at .such 
high coupling coefficients. We observ^ed a decrease in the 
yieid as more quantum wells were introduced into the 
structure*, with live single-mode yield being only 38% to 
44% for 9-well structures for equivalent grating strengths. 
The I"mal dc^sign retjuired a trade-off liet \\ een welt number 
and single-mode yield to provide both good packaged 
temijerature pt^rformance tmd high power. 



Conclusion 



We liavc fliscnissed aspeciJs (jf device {lesign necessary to 
produce uncooled strained quantum well lasers for SONET/ 
SDH/ ATM systems. To cover long-liaul, inteiTuediate, jmd 
short-haul .specificationSn two distinct tyi:ies of laser st iiic^- 
ture are required: distributed feedback and Fabr>^-Ferot 
lasers. The short-haul and intermediate link applications 
can be covered by Fatjry-Perot lasers which are simple 
to fabricate witli a high nianufactuiing yield and are 
extremely reliable. 

The long-haul market at 622 Ml3its/s and 2.488 GbitVs is 
addressed by our uncooled distributed feedback lasers. 
Ttie basic difference is tiie mode selectivity hitroduced by 
the gloating. Tlie main j)rt>l)lem for distributed feedback 
lasers is achieving operation over the temperature range 
of - 40^ to -I- 85''C\ We showed how tliis can be done by 
the MM^ of Mgh grating coupling coeffit^ients antl gain cou- 
pling to intrrease tfie single-mode yiekl. Tiie successful 
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opeotion of our distributed feedback laseis from — 40^C 
to +S5^C with extremely gofwl threshQld and power char- 
acteristics shows these will play a key role in the success- 
ful deployment of FTTH and FTTC, 
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This paper describes microwave, laser, and fiber models that were used in the 
development of the HP LSC2500 2.488-Gbit/s laser diode module. Knowledge 
of the modeled behavior of the laser diode as a function of the input electrical 
pulse shape has led to deliberately shaping the input pulse to give the minimum 
wavelength excursion during direct modulation, and therefore a high yield of 
low-dispersion-penalty laser diodes. These devices can be successfully used 
for transmission distances in excess of 200 km. 



A 



. a digital modulation speeds increase to meet increasing demands on 
capacity, and as transmission lengths become longer with the avaiiabllity of 
narrow -line width sources and optical ampUfierSj a requirement for low- 
dispersion-penalty laser diodes has emerged. DUpersmn penally is caused by 
the wavelength dependence of propagation speed in optical fiber, resulting in 
the different wavelength components of the optical pulse traveling at different 
speeds along the fiber and arriving at the receiver with variable delay In extreme 
cases, optical p{>w^er generated during one bit period can arrive at the receiver 
durnig the at^jacent bit period, causing errors, a problem exacerbated in high- 
Ixequency systems with short bit periods. Even in tnily single-mode laser diodes, 
when modulated directly by applying an electrical signal to the laser bias, the 
optical signal can be composed of a range of wavelengths because !iie wave- 
length itself is bias dependent, a property known as laser cfm^. More advanced 
laser diodes with integral modulation sections are becoming available, but even 
these have some wavelength modulation caused by optical effects within tlie 
diode - 
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Since tlie penalty causiKi by laser chirp is dependent on 
ditv^ conditions, packaging, and laser chip properties, we 
have developed a m<Kiel thai can take Uie input elecliical 
data and predict the electrical signal reaciiing thc^ laser 
diode, taking into account package effects. The model 
then predicts the output optical pulse front the laser based 
on laser chip paranietefs. A fiber model is adde<I to predict 
the optical puLse shape after a known length of fiber. 

This ntodel has been used to develop the HP LSC2500, an 
optically isolated, 1550-nni, 2,4S8'Gbiiys, distributed feed- 
back (DFB) laser module. The model has helped with the 
development of both the piLckaging and liie laser chip. 

The model was developed jointly by the HP Ipswich Com- 
ponents Operation (IC0\ Bristol University, and Bamard 
Microsystems Limited. The experimental comparison has 
been cairied out at ICO. Models have been developed for 
other laser structures such as electro absoiption modula- 
tors (EADFB). These models wiU help with the design of 
components for higher frequencies (10 Gbits/s). 

This papt?r includes predicted results from the modeling 
and actual results measuretl on the finished product. 
Sections in this paper introduce the microwave model, 
the laser model , and the fiber n^odel. A description is 
given of the la.ser diode. Experimental results compare 
the measured and predicted microwave s-parameters and 
also the measured and predicted optical pulses both be- 
fore and Lifter (lie fiber Dispersion petiahy measurements 
are UK^luded, showing that tlireclly motiulated DFB lasers 
wttli low clurp can, in pracUce, operate over liber trans- 
mission distances in excess of 20O km. 

DFB L9V9r Chip Design 

The design of the distributed feedback (DFB) laser diode 
is l>ased upon ICO's proven ridge waveguide technology. 
The laser has a strained multiple quantum well active 
region grown by metalorgamc vapor-phase epitaxy and a 
first-order DFB grating, Tlie front and back facets are anti- 
reflection aiul high-reflecLion coated, respectively. The 
chip is mounted with the active rt^gion uppennost on a 
silicon carbide heal sink. 

The quartemary material system consisting of combina- 
tions of the four elements indium (In), gallium (GaJ, arse- 
nic (As) and jihosphoriis (P) is used for tlie growlh of the 
epitaxLi^U layers. Tbe number of quantum wt^lls in the 
active region and the strain^that is, the mismatch of the 



laltice constant of the quantum wells with respect to the 
InP substrate— have been oprimized for high-speed per- 
fonnance and fast response to changes in drive current, 
hi particular, the siiift of the emission w^aveiength uxider 
modulation (chirp) has been minimized to reduce the 
dispersion penalty in long-haul fiber-optic links. The com- 
pressive strain of the quantum weUs is compensated by 
opposite strain in the barriers to avoid any impact of the 
strain on the reliability of the devices. Tlte tliickness of 
each strained layer is below the critical limit at which 
relaxation occurs. 

Mode selectivity is achieved by a uniform first-order 
grating with a coupling coefficient of approximately 3(> 
to 40 cm ~ ^ This relatively modest coupling efficiency 
was chosen to keep the photon density uniform inside the 
cavity and to prevent distortion of the light -versus-current 
ctiaracteristic. The antireflecrion and higli-reflection coat- 
ings ai\^ ap|)lied to unprove the suppression of side modes 
and to enhance the front-facet efficiency of the devices. 

Typical device parameters are summarized in Table I. 
The low internal loss and the high gain of the strained 
multiple quantum wtII active region results in average 
threshold ciUTents of only 16 niA. The front-facet efficiency 
of 0.35 mW/mA is an excellent achievement for DFB laseis 
in the 1550-nm wavelength range, where lasers typically 
suffer from low intenial quantum efficiencies. The line- 
width is measmed under 2,5-Gbil/s uiodulation with 12% 
extinction ratio (power in the off state divided by power 
in the on state) and found to be aromid 0.4 nm (with the 
reading taken '10 dB below the pi^ak). Tliis sht>ws the 
good wavelength stabilily and therefore k)w chirp of the 
device under intensity modulation and proves Its suitability 



Table 1 






Lasf^r Diode Parametefs 






Parameter 


Symbol 


Value 


Length 


L 


350 f.ini 


Threshold Current 


Ith 


16niA 


Front-Facet Efficiency 


11 


0.35W/A 


30-dB Lmewidth without 
Modulation 




0J38 um 


:iO"dBLinewidthwith 
Modulation 




0.42 mn 
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for high-speed long-liaiil data transniission systems. The 
small bi'oadeiiing of rlic Urunvidlh uiulcr nioduJalioii i^ in 
agreement with a dirotl nK?asuremon1 of tiie chirjj. 

Laser Driver Circuit iVIodei 

The 2.488"CTbit/s pulses into the laser diode traiasmitter 
pack^e caji be generated by a signal generator^ which 
can be either a pseudorandom binary sequence (PRBS) 
nonretuni-to-zero (NRZ) wavefonn generator test set or 
a laser driver cliip. The hiser driver etiip cmi be based 
on a fast silicon bii)(jlai- technology sa<-h as the Hewlett- 
Packard IiP-25 process, or on a GaAs FET technology. 

Initially we need to know the frequency range that we 
should be concerned with. We describe the 2.488-Gbit/s 
waveform w\th a 75-ps 1 Wrto-90% rise time through the 
use of a Fermi fimction to detme tlie rismg and faUmg 
pulse edges. Ttie use of this iLmction, more usually ap- 
plied in the area of s(*nu<:*ondiK*tor device physics, givers a 
retisonable approximation to the true* waveform from rc^al 
signal generators. We create a 128-hil PRBS waveform and 
laki^ ttie fast Fourier Iran sfo nil (FFT) of the wavefonn to 
get an idea of the spectral distribution of tJie energy in the 
wavefonn. 

A2.488^Gbit/s sigmil was obtiiined from an HP 70841 B 
PRBS signal gentn'al or and its spectnmi wstLs nionitorcf! 
on an HP 714()() lightwave signal analyzer Figure la 
shows the predicted wavefonn and Figure lb show^s the 
predicted spectrum. The spectrum agreed well with our 
predictions. Fiom the spectnmi, w^e see Ihat we should 
principally be co!icemed with the energy from very low 
frequencies up to about 2 GHz. 

It is important to know^ the attributes of the driver circuit 
to account for any multiple reflections between the signal 
generator and impedance discontinuities in the laser 
package. If the signal generator is a PRBS test set, then 
the equivaJ ent circuit for the source is well-approximated 
by a vohage source in series w ith a 50-otnii rcsistanc^e. 
If a laser driver cliip is used, the characlcrization of the 
source Impetiance is more compk^x, mid can he divided 
into two cases. In the first case, m which we have all the 
inf*)rmiUirni cm the driver circnit (iiickiding small-signal 
aiid large-signal circuit niodels}. Uie extraction of a rela- 
tively shnplc circuit describing the source impedance 
characteristics of the dri\ er is straighlfonA-'ard, In the case 
in w^hich we h^vv very little or no infonnation about the 
driver sourc^e inipetlajice, we need to meaiiuie two sets of 



Figure I 

(a) The predicted 2AS8-Gbit/s signs! obtained from an 
HP 708418 PRBS signal generator, (b) Tbe spectrum 
predicted for the 2488-Gbit/s signal. 
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sn microwave scattering parameters looking into the 
driver output, using a microwave vector network anal>7>er 
such as the IIP 8510. For both sets, the driver output bias 
level is set to the value to be used in prac-tice. In tfie fii'st 
set, we have the outi>ut modulation current (which is add- 
ed to the bias current) set to zero* and in the secfmd set, 
we have the (nitput modulation cun'cnt at ihc^ high value 
as used in practice. We can fit two equivalent circuits to 
the tw^o sets of s-paranieters. Finally, wt merge the two 
circuit topologies to end up with one description for the 
source impedance of the driver. 

From inspection of a Smith chart plot of Sib one can 1(^11 
whether the driver circuit is based on silicon bipohn' or 
Ci'dA^ FFT technology because of the telltale dispersion in 
the output conductance of Ga^^s FETs. In this example, 
we have fitted the eqiii\^ent circuit shown in Figure 2 to 
describe the source impedance of a GaAs FET- based laser 
diode driver. The parallel PC ( PRC) combination models 
the nonzcTO output conductance (fmlto output resistantre) 
of the output transistors in tlie driver and the output 
capacitance of the transistors. The series RC (SRC) circuit 
combinatioji describes the dispersion in die output con- 
ductance of the GaAs FETs as a ftmction of frt^qnency. The 
inductance (IND) models the bond wire from the cliip to 
the carrier The ideal transmission line f TtIN ) models any 
transmission line between the measurement reference 
plane and tlie location of the bond mre. This last element 
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is important since one often encounters s-parameter mea- 
suremeat data that has not been completely deembedded. 

rsing a sniall-signai microwave circuit simulaior \vith opti- 
mization capability', one can find the best set of parariieters 
for the circuit elements that gives the best agreement be- 
tw'een the measured sn data and the sj j values predicted 
by the circuit simulator T\^pical values for the circuit of 
Figure 2 for a GaAs FET-bas4^d dri%-er, derived through 
the use of linear circuit optimization, are as foOows: 
R2 = 349Q, m - 216Q. Ll = (1757 nH, C2= 1.45 pF, 
CI = 15.0 pF. Z1 = 139Q, El - 7.09 degrees. 

The inverse of the Rl CI produtri defines tlie frequency in 
radians at which the outpul resistance of the trajisistor 
changes from being R2 to being equal to tlie pai'aOel com- 
bination of Rl and R2. bi tliis example, tliLs brckik fre<iueiicy 
is just above 49 MJiz. At frequencies weO beluw 49 MHz, 
tlie outptit resistance is 349 ohms (ft2), whereas at fre- 
quencies weU above 49 MHz, the output resistan<*e of the 
sf)urre FETs is abt>ut 133 olims. This cbange in output 
resistance of the driver transistors is referred to as the 
dispersion in the transistor output conductance (or resis- 
tance). Tlie vahie of 7.09 degrees at 1.0 GHz for the TUN 
indicates that there was some rt^sidual trmismlssicjii line 
lenglli that had not been removed diuing tlie microwave 
s-i)arameter measurement procedure. 

In practice, the transistor can be ctjnsidered to consist of 
i\ (*urT(*nt st>urce in parallel with the PRC <*irtHiiI eh^iuent in 
Figure 2. Wo cm\ use either a laige-signd, tiine-doinmn 
circuit simulator or a small-sign al, frequency-domajn 
circuit simulator to predict Ihe shape of the driver ont[>ut 
waveform. The mannc^r in whicli a Lirne-ilomain circuit 



Figure 2 

Equiyalent circuit developed to descnbB the source 
impedance of a GaAs FET-based taser diode driver 
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simulator can be used is relatively sti^ghtforward, so we 
w^ill illustrate the use of a frequeiicy-domain circuit sinni- 
lator. If we use a standard oCkihni characteristic imped- 
ance to predict the s-parameters for the driver circuit, 
we can replace the current source in parallel with R2 by a 
voltage source in series mth R2. The reason for replacing 
the current source with a voltage source is tltal tlie 
s-parameters are voltage ratio parameters, so we must use 
a voltage source. Since w^e use the standard 5<)-ohm resis- 
tance in series with the voltage source, we need only have 
(R2--50) oluns of series resistance. 

We can define a driving PRBS waveform for the voltage 
source and use the FFT algf^rithm to trmisform the time- 
domain I'epresentation of the wavefonn into the fiequency 
domain. We can use a linear microw ave simulator to pre- 
dict the real and imaginary parts of the voltage transfer 
ratio S21 ^td convolve the predicted s^i response with the 
frequency-domain representation of thc^ voltage soiu^ce 
wavefonn. Finally, we use the invei^e FFf to transform 
the frequency-domain representation of the output pulse 
back into the time rl tin rain. We know from measurements 
using an HP r>4120B sampling oscilloscope ttiat the 
I0*)^to-90% rise and fall time for the pulse from the driver 
circuit is 130 ps. Consequently, we can engmeer the rise 
and fall time of the voltage source ptdse such that the 
pulse obiahied irom tlie driver circuit model corresponds 
to that measured from the real driver circuit. 

Figure 3 shows the driver circuit model obtained in this 
way along with the voltage source w^avefonn ^ind the driver 
circuit niodet output wavefonn.The waveforni time axis 
extends from zero to 3.2 ns. Tlu^ 10^>^hto4)(M rise imd fall 
time for the voltage source signal connected in series with 
a 50-olim resistance to porl 1 is 75 ps as generated by Ihe 
PHBS test set. The model iiredicLs a rise and fall time for 
the wavefonn from port 2 of 127 ps, wliich corresponds 
weU with a measured value of around 1*30 ps. 

Electrical Model for the Laser Diode 

The next task is to create an electrical model for the dis- 
(rihuted feedback laser diotle. We fn^t iocjk at the ct)ii- 
stnKlion of a model for use \^ith a linear circuit simulator. 
From the S-shaped I-V charact eristics of the laser diode, 
we find that in a manner analogous to that us(>d in Ihe 
CfUmmel-Poon model fortbe silicou Inpolai' transistor, we 
c:an siinniate the dc 1-V characteristics through ihe use of 
a resistant'C in series with two parallel diodes. We have 



O 
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Figure 3 

(a) Drii/er circuit model (bl Voltage source wsveform. 
(c) Driver circuit model output waveform. 
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written parameter extraction software for such a combi- 
nation of diodes to find the parameters that best fit tlie 
classical exponential diode equation: 



I = i^(e^v/T,kT _ i) 



In this example we found tiiat the best -fit parameters are 
Isl = i.l X 10"*^ amperes and nj =3.9 for die llrsl diode, 
Is2^ iO ^ 10 ~ ^'^ amperes ;ind no = 1.18 for the second 
diode, and Hseri<?s = 5.5 ohms. 

Diode 1. with nj — 3.9» dominates the diode characteristics 
for forward currents tiu^ough the laser diode of lesH than 
1 ni.\t whereas diode 2 dommales the chai'act eristics at 
1 niA and above. Since the laser diode is always biased 
in the on state with about 15 mA of current, we consider 
only the characi eristics of diode 2. With the electrical 
characteristics of the DFB laser diode following the c^lassi- 
cal exponential diode equation, we calculate a dynamic 
laser diode resistance of 7.5 ohms when biased at 15 mA 
(the zero state close to threshold) and 6.2 ohms when 



biased at 45 niA (the one state). Since the laser diode will 
spend about the same time in the zero state as it does in 
the one state, %ve tiike vhv arithmetic mean of the dynamic 
resistances to end up with 6,85 ohms. 

In all modeling of physical devices, it is important to keep in 
mind the physics of the device being modeled Tlie small- 
signal model for the laser diode is sho\'t7i in Figure 4a, 
Since t he series resistance is very snitUl in x>ract ice, we 
reduce the circuit complexity to that shown in Fijjtire 4b, 
but add a current-controlled current source (CCCS) to 
monitor the cnirrent passing through the laser diode resis- 
tive path (that is, through the dynamic- diode resistance, 
here shown as Rl), The current amplification factor M is 
negative to enable us to momtor the magnitude rif the 
current passing through the dynamic resistance. To get 
the voltage generated by the CCCS across the 50.0 ohms at 
the output port of the CCCS to eQual the %^oltage across the 



Figure 4 

(a) Small-signal model for the laser diode. Since tfie series 
resistarice Is very small in practice, we reduce the circuit 
complexity to that shown in (bj, but add a current-controlled 
current source (cccs) to monitor the current passing through 
the laser diode resistive path (that Is, through the dynamic 
diode resistance, here shov\/n as n^l 
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d>Tiainic resistance (Rdynamic), we mi^t hare the m^^itude 

of the CCCS current amplification factor eqiiaJ to Rdynamic/ 
50.0, thai is, 0.027. We tised fhe IIP 8702 vector network 
analyzer connected to a PC \ia an HP-IB (IEEE 488, lEC 
625) link to derive the electrical s-parameters (i.e., sj |) for 
the laser diode, and we used the HP \^E sofrw^are to sa\'e 
the data as an mdustr^^-standartl SIP one-port s-paraiiieter 
device fde. We then used the optimization feature in the 
linear circuit simulator to derive the best-fit resistance 
and capacitance values. 

Packapa ftflodel 

The .standard specifications for the package call for a 
standard impedance level of 25 oiuns. The approach taken 
by HP is to use a subniodule containing the laser diode, 
a chip resistance used for wide-bandwidth impedance 
niaU^hing* and some other optical components. This sub- 
module is mounted on a thennoelertric cooler inside the 
overtUl industry-standard butterfly package, which also 
contains another cliip resiston a chip capacitor, and a 
chip indncior. To model the elertrical response of the 
packages and the components vtithin the packages accu- 
rately, we made extensive tise of a vector network analyzer 
to derive the best equivalent cin^uit topologies and the 
best values for Qie elements within the eiiuivalent circuit 
for the chip resistorSi chip capacitor and chip indncton 
The model for tfie chip inductance was by far the most 
complex, but a muhisection. fuiite-Q (quality factor) 
circuit (opology enabled us to predict all Uie measured 
resonances. 

AddiUonally, we made a careful analysis of the bond wire 
lengths. In this analysis, we use Bezier ciutcs to simulate 
the side views of tlie bond wires, Jrom which we can quite 
accurately predict bond wire length- Remember tliat even 
at 2 GHz, a 1-mm bond wire will have an in(iticti%^o reac- 
tance of about 12.6 ohms, which is significant in a 25-ohm 
charact.erisiic* iinjiedajice sy-stem. Tlierefore, attention to 
detail was most imporiiant, and bond wire engineering 
played an im]>oriant role in thi.s design. .\n exaint^Ie of 
this work, taken from a different example, is assliown in 
Figure 5. hi this work, we have looked at the use of ball 
and wedge bonding to get tlie best pei^ormance, wiiile 
keei>ing the costs associated with high-volume nianufac- 
ttning un(ier control. 

In our development work, we t^ame to appreciate the value 
of the interaction between the sunulation work and the 
precision measurements that wtu (^ made on the devices 



Figaf e 5 

Package and circuit model far tond wire anaiysis. 
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and circuits, Several special test fixt.ures were const me- 
ted for use iti the me^JSLirement of the characteristics of 
the laser diode. These precision fixtures were intended 
for use tip to 6 GHz and have standtird SMA comiectors. 
We carcfttlly characterized the fixtures so that m\y com- 
ponent or circuit (*ould simply be [ilaced wilhin the test 
fixture emTTonment as a subcircuit, simplifying tlic t^x- 
tra<'tioi\ of the parameters for the elements within the 
subcircuiL We use(i standard optimization techniques to 
get the equivalent circuit response to match the measured 
respottse. It is necessary to minimize the number of opti- 
nuzation variables because the difficulty of finding the 
glfjbal minimimi using an optimizer increases rapidly as 
the tiumber of variables mcreases. 

The circuit topology for the overall package is too de- 
tailed for LLS to describe at any length tn this paper. We 
ext>{)rt 1 he predicted s-paranu^ter response for the circuit 
to a sunnlmd S2P s i.)arameler file. In a 50-oiun character- 
istic impe<iance system, we predict the s^i response as 
shown in Figure 6a, together with the group delay shown 
in Figure fib. The otput rt^ference plane (port 1 ; is at the 
end of a microstrip line on a printed circuit board sub- 
strate 8.0 nun from I he butterfly package itself. The bias 
and the signal are h rough I in llirough separate teiTtiinals 
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Figure 6 

(a) Ov9ra!! package model S2i response, ibj Package model 
group d&lay response. 



-35 
"30 Y 

-50" 



2 3 4 

Freqirency (GHz) 



m 



2 3 4 

FrequBncy^ (GHz) 



on Liie bulLerfly package, T!ie group delay plot is impor- 
laitt smc:e we need to maintain the integrity of the rectan- 
gular pulses coming in, pulses with Fourier components 
thaJ we must be concerned vtith up to at least 2 GHz. The 
response sho^^ai in Figure 6a is what we would expect 
to measure using a vector network analyzer in a 50-ohni 
environment. In practice, a laser diode driver chip is used 
to siipply the bias current and drive the pulses into the 
laser diode. 

Havmg delined the package response in an s-parameter 
file, we can apply the FFT technique discussed earlier to 
the S2I voltage traiisfcn^ ratio t:o pn^dict the voltage across 
the laser diode d,\^iaiiiic resistaiicej ajid consequently tJie 
ciu^rent tlirough the resistive part of the laser diode. This 
we have done for the case in which the packaged laser 
diode is driven directly from a 50-ohm characteristic 
inqx'dance PRBS test set, and for the case in wiiich the 
packaged laser diode is driven from tlie laser diode driver 
example discussed before, hi Figure 7, lire 2.488-Gbh/s 
voltage wavefonn with a 10')t;j-to-90^itj rise s^uid fail time 
of 75 ps from the signal generator is shown on top, ai^d 
below it the predicted ciurent waveform into the laser 
diode when the packaged laser diode is driven direcUy 
from the test set. The bottom wavefonn represents the 
case in which the laser diode driver Ls used. Note that the 
laser diode driver slows down the rising and falling edges 
of the wavefonn. 



Figure 7 

fa)2A8S-Gbit/s voltage waveform with a W%-to-BQ% rise 
and fall time oflSps from the signal generator, lb) Predicted 
current waveform into ths laser diode when the packaged 
laser diode is driven directly from the test set IcJ Predicted 
current waveform Into the las&r diode for the case In which 
the laser diode driver is used. 
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Usmg a fast sampling oscilloscope to monitor t!ie current 
tin o ugh the laser diode, we then predict the wavefonn 
display for tlie oscilloscope triggered at twice tiie bit in- 
terval to look as shown in Figure 8. The plot resembles 
the eye diagram frequently used in communications engi- 
i\eering. The upper plot is driven dLrecLly from the fast 
PRBS test set, while the lower plot is with the laser diode 
driver pre*sent. In i)oth cmhps, we notice the effects of 
overshoot. 

Before the predicted cmrenl waveform hno the laser 
ihode is used in Oie laser diode simulator to predict the 
amplitude and the wavelength of the light emitted from 
the huser diodt\ w^e resc^ale the amplitude of the predicted 
i:uirent and add the laser diode bias offset. 

Laser Modal 

A laser model for multiple (lumitum w ell distributed feed- 
back lasers has been developed speeifjcally for dynamic 
laser modeling. Emphasis has been placed on developing 
fast siniLilations tluit can reaflily he used for design aitd 
optimization, and hence Umiped spatial models have been 
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Figure B 

Waveforms of Figure 7 disptayed on an osdfioscope trig- 
gered at twice the btt intervBi. The plots resembie the eye 
diagram frequently used in communications engineering, 
(a) Waveform of Figure 7b. (bj Waveform of Figure 7c. 
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Of key importance in the carrier dynamics is the time taken 

for dec irons to cri>ss the separate confinemeril layers and 
to be captured by the wells. T!iis limits the d>Tianiic per- 
formance of high-si>eed lasers. Wliile the capture process 
itself niay occur on sul)picosi?cond time scales, the diffu- 
sion across the confinement layers can take tens of pico- 
seconds. This is shown schematically in Figure 9. The 
diffiision time constant depends on waveguide dimensions 
and doping le%^els. Thennionic emission of carrien; back 
out of the wells into the barrier and waveguide layers also 
occurs, again on tune scales of tens of picoseconds. This 
emission time constant can be controlled by varying the 
well and barricT dinieiisions. It is evitlent Itiat a short dif- 
fusion time consttUil urn] a long cmiission time constaju 
lead to elTic:ient carrier iiyection into the weOs and en- 
hanced bandwidth. Alteniatively, careful design of the 
quantum wells suppresses unw^anted high-frecjnency 
oscillations responsible for excess w^avelengl h chiq) and 
patterning under digital modulation. The electron rate 
equation for the barrier and confnienient layers has there- 
fore been iiuroduced to accomit for canier iiyection ini- 
tially Into the bcU'rier levels, and to describe the coupUng 
between carriers in the barriers and the wells: 
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used mther tlian traveling- wave models. By implementing 
empirical descriptions obtained from rigor oiis steady- 
slate nuidels, kmgitudtnal-mode spatial bole buminiLi in 
distributed feedbark haseiis could bv inckuled. Such de- 
scriptions alsf* make it possil)ie to take into accoiml the 
effect of the coupling strenglh of the internal grating. To 
model tlie high levels of hole huniing observed both in 
phase-shifted gratings and in antireflection and high- 
reflection coated lasers, the laser is subdivided into three 
sections along tbe t!a\ity to accomit for the resulting in- 
homegc^neity. Tlie three sections ju^e coupled to each other 
imd the photon populatifjn through empirical relations 
which are tierived from traveling wave models. 

The moilei also includes nonlinear effects resulting from 
carrier transjxirl in (inantunit well lasers tlirough the im- 
plementation of a bamer-level cairier rate equation. The 
tjarricT carrier population is coupled to the weU carrier 
[lopulation through capture and escape prcK:esses. These 
pro(H*sses describe the c^u'rier bottleneck, which (*an sig- 
nificantly reduce the laser handwidtlL 



Figure B 

Diffusion across the confinement layers in a multiple quan- 
tum well distributed feedback laser fSCH is the wavegwdo, 
or separate confinement heterostructurej 
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Bere Nb and Nw represent the carrier densities in the bar- 
riers and welLs, respectively. Vjy m\d Vy^ are llie volumes in 
the baniers and w€4ls. d^, accountH for tht' di?pUi of the 
separate confinenient layers. The current density J is in- 
jected into the separate conHnenient layers, q is the elec- 
tron charge. The carriers are depleted v^^ith a capture life- 
rinie Tf, This lifetime is dominated by the diffusion across 
the layers and is of the order of tens of picoseconds. 
Carriers are also reii\jected from the wells into the barrier 
and cotifmeinent layers wilii m\ a.s.sOfnatefl time constant 
t(., wliic^h is detenuiucd by the thermionic emission. This 
can be of the order of a hundred picoseconds, and has 
significant temperature dependence. 

The mjef^tion of earners into the quantum well is there- 
fore determined by the ratio of tlie diffusion and capture 
rate time constant to the tlierniionic emission rate. Tills 
creates a carrier bottleneck of considerable importance 
for high-bandwidth kisers. The rat e equation lor carriers 
in the wells is tlierefore written in terms of tlie capture 
and emission rates: 



dNw 
dt 
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The above equation iiLso takes intci account carrier deple- 
tion through stimulatefl emission, which is described by 
the term VgGP, whinx^ Vg is the group velocity of light in 
the laser cavity, G is the optical gain, and P is the photon 
density. Both radiative and nonradiative recombination 
mechanisms are d esc n bed through the cairiei' hfetlme Xs^ 
The gain term includes a linear dependence on the carrier 
density and a nonlinear gain compression term e: 

(dg/d>J)(Nw - Nt) 



G = 



a + rP) 



where dg/dN is the differential gain and Nt is the transpar- 
ency carrier density, hi the simulation, the pai'ameters 
used in the modeling have been derived from steady-state 
measurements W'herever f(^asibit\ Tlic^ gain h^is been 
modeled by tLssuming a iint^ar differential giiin dg^'dN of 
Ox 10 ~ ^*^' cm'^j a transpiu'enty (*ai'ritT density N^ of 
i.5 X 10^^ cm"**, and a gain suppression factor e of 
3 X 10^ ^ cm'^. The gain suppression factor accounts for 
non linearities siich as spectral hole burning, cairier heat- 
ing, and transverse-mode spatial hole biuimg. 



The rate equation for the photons is coupled only to t he 
carrier population in the wells: 



dP 



^ ^ r^BNl + rv/SP - ^, 



The term VgCiP, w^ldch depletes carriers iji the wells (Nw), 
feeds photoas into tiie guided laser beam. The sponta- 
neous emission is described by the term F^BN^., where P 
describes the overlap of the optical ntode wit h i he quan- 
tum w^elLs, |] is the spontaneous cHiiission coupling factor^ 
and B is the bimolecniar recombination coefficient, ip is 
the photon lifethne, winch is a function of the grating 
coupling strength. 

The cavity refractive index is perturbed by fluctuations in 
tlie carrier density to chiip the operating wavelength h 
Because wavelengtii ciiirp limits device performance as 
descrilDed earlier, the linewidth enliancement factor cxh is 
Latxoduceil to descaibe cliirp for a given laser strutlLU'e. 
The linewidth enhancement factor is proporiional to die 
quotient of the differential refractive index dependence 
on carrier density dp/dN ;^md tlie differential gain dg/dN. 



c^H 



4jt d[i/dN 
}. dg/dN ■ 



The lower the vahie of an the lower the w^avelength chirp. 
The linewidth enhancement factor for a strained quantum 
well hiGaAsP laser is approximately 2,5. 

The transport effects lead to a sjigndicant carrier popula- 
tion in the biu'riiTS and the t*onrinemt^ut layers. Bet:ause a 
signilicaiit ly larger' proporiion of t he ojitical mode over- 
laps with the confinement layers when compared with the 
wells, this [>opulation also pertnrbs the effective refrac- 
tive index of the ca\ity and therefore leads to enhanced 
wavelength chin>- The overall effective refractive index 
perturbation can therefore be sunmiarized in terms of 
contributions from tiie barriers and the wells: 

du d\i 

The rate equations are solved using Runge-Kutta 
algoritlmis. 

The laser model is written using C++ and nms on a PC 
and is fast enough to be suitable for mteractive use. The 
outputs are describeii in terms of the thne-resolved power 
and wavelength. 
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optical Fiber Modet 

This model takes the complex optical field generated by 
the laser mode! to determine tiie signal propagating along 
the fiber The optical Held experiemes a frequency depen- 
dent retardation as ii propagates along the fiber The model 
accounts for dispersion using the transfer function H(f): 



(-j^4 



H(f) - exp 



In the siitiiilation, D is the fiber chromatic dispersion, k is 
the center wavelength, L is the fiber length, f is the base- 
band frequency, and c is the speed of hglit. The dlspemion 
D is assimied to be 17 ps ■ nm ~ ^km ~ '. Tlie model assimics 
tliat first -order dispersioii dominates and neglects non- 
lincaiities, a justiliable assumption for low-power radiation 
( < 10 dBni) at 1550 nm in stftiidai'd-chspersion fiber. The 
output optical ptdsc after ajiy desired Itmgth of fiber can 
be predicted. 

The fiber output power is incident on a square-law detec- 
tor, the output of which is subsequently filtered in the 
frequency domain by a fifth-order Bessel filter with a 
hanf[ width of 0.7 times the bit rate. Supcipositian of 
bit periods gives eye diagrams, which van be f-ompared 
directly with expenment. 

A schematic drawing f>f the elements of ttie laser and 
fiber model is shown in Figtire 10. 



Figure IQ 

LasBf and fiber model. 
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Comparison of ft^arameter Ra suits 

Tills section presents a comparison of the modeled and 
measured sn and s^i parameters for an HP LSC2500 
2.4S8-Gbit/s DKB laser diode developed at K O- The sn 
measiu^ement detennines the reflected power from the 
25Q-terminated laser diode into the 50Q HP 8504TA 
s-parameier test seL The S21 measurement determines the 
AM response of the laser diode. This is nieasiu^d at fiigh 
bias currents (where the Intrinsic relaxatlDn resonance 
of the chip \s out of the fretiueacy band of interest) to 
compare the measured result with the purely electrical 
microwave model 

Using WaveMaker software, a complete circuit description 
of the modulation signal path, from t he RF pin on the 
butterfiy packuge through the laser diode and back out to 
t he two ground pins of the outer package, was construc- 
ted in a netlist format Electrically, the laser diode was 
modeled as a 7£J resistor (detemiined by experimental 
measurement) in parallel widi a 4-pF capacitor (estimated 
from the structiural layout). 

sti Measuremants. The netlist was written to display the 
nuHlcled and nu^asured S|| results on the same plot. The 
tircuit eienient values can then be atyusted, maintaining 
realistic values, to best match the measured dat^a over tlie 
frequency range of interest. 

The model was used to determine the effect of changing 

coniponenl vaiue.s on t he s-panuneter response. This 
stiate^^ was used to fletennine comi)anent valines tiiat will 
optimize the product performance and to set tolerances 
on component values and bond wire lengths. 

S21 Measurements. The soj measurement is an electro- 
optical n leasm emeiit thai <*annot be truly accomited for 
hi WaveMaker because of the relaxaticjn oscillation of the 
laser chip. However, by using a high drive current for the 
laser diode to pusli any intrinsic resonance cvffecis of the 
laser diode well out of the (i-CiHz bandwidth €)f iiiteresL, it 
is possible to compare the modeled and measured data 
This purely electrical model then predicts the measured 
s->i parameter except in magnitude, since no account 
can \>v taker I of the laser diodes elecU'ooptic conversion 
efficiency. 

Tlie simulation results in Figure 1 1 atitl Figure 12 shtjw 
the best achieved sn and s;ji fits, resj>eciivelyj for a 
2.488-Gbitys DFU laser that has m\ imi^edance matching 
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Figure 11 

A plot comparing the mBasursd an^modsled sj^ parameters. 
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resistor and a 3.9-pF capacitor in tJie package. The capac- 
itor is placed in parallel with the laser diode, thereby 
esrablishing a resonant circuit between the capacitor, the 
resistance of tlie laser chip, and the biductance of the 
gold wire bonds. The response of the resonant circuit 
sniootJis out the rising edge of the electrical pulse, pre- 
venting overshoot imd lK4ice nihumiiiuig wavelength 
chiip. 

The bond wires in the package were modeled as pure 
inductances using the well-estabbshed value of 1 nH of 
inductance jier inilliineter of bond wire for 17-uni-diajiieter 
bontl wire. Ml of the connections on the RF ]>ath were 
made using two bond wires in parallel, which effectively 
halves the inductance value. For example, 0.7 liH repre- 
sents t^^'O bond wires L4 mm long. It was foiuid exper- 
imentally that additional bond wires do not rechtce tlie 
inductance significantly more because of the inevitable 
closer proximity of these wires on the bond pads. 

Comparison of Measured and Modeled Sti^ Figure 11 

shows a plot of the meiisured and modeled S] | parameters 
overlaid. The low-frequency ( < 3 GHz) fit of the model is 
quite respectable. It predicts the resonance resulting from 
the transition between the 50-ohm transmission line of 
the tesl set and the 25-ohm micros trip Mnes of ilie pack- 
age to withirt (Ll GHz and it also predicts the magnitude 
of the measured data generally to within better than 3 dB. 

The resonance at 3.9 GHz caused by the mteraction 
between the bund wne inductance, the capacitor, ^md the 
cMp resistiince is alsc} pretticted to within 0.2 GHz. How- 
ever the depth of this resonance, or the Q factor of tiie 



Figure 12 

A piot comparing the measured and modeled S2] parameters. 
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oscillation, is not so well-sUnulated The reason for this 
is not fully understood. 

A feature of the nieasured results in Figure 11 is sliarp 
spikes in the Sj i response at aroimd 2.4 GHz, These have 
been found to l)e a resonance that occurs because the 
submoduic base is not a true ground. 

Figure 13 shows sj \ measurements on ten different mod- 
ules, showmg tiie reproducibility. Variations in the 3,9-Gliz 
restHiaiice are attributed to tolerance variations in the 
capacitor used and Ivond wire length process variations. 
All of these measured results meet the s^ requirement for 
a 2.48S~Gbitys laser diode. 



Figure 13 

A plot ofsif measurements on ten different modules. 




2 3 4 



December 1397 • The Hewtelt-Packarid Journal 



)Copr. 1949-1998 Hewlett-Packard Co. 



Comparisofi of Measured and Modeled S21. Figure 12 is 

a plut displaying the measured aiid modeled S2i paranie- 
lers of a devic e. The low-pass filtermg action seen in the 
measured S21 response is also modeled tn WaveMaker. 
This filtering prevents high-frequency electrical oscilla- 
tions from reaching the chip, which would cause it to pro- 
duce unwanted optical oscillations. Comparing the shapes 
of these curves, the modeled results predict 3.4 dB of rip- 
ple with a resonant peak at 2.4 Gllz wiiile the measured 
results show 2,0 dB of ripple with a resonance at 2.5 GHz. 
The roU-off of the modeled data is 9 dB/GHz, in good 
agreement with the measured data. 

The ;3'dB bandwidtli requirement for a 2.488-Cibit/s laser is 
a 3.5-GHz minimimt. The internal filter has been designed 
to give enoiigli b^mdwidth and to limit the speed of die 
rising edge. Figure 14 displays S21 measurements on ten 
niodnles, showing that typical modules have a 4-GH2 3-dB 
bandwidth. 

Microwave Model Output. The modeled S2] paiameler 
Hie is c't)nvolvtHi with an ideal, user-defmed jjiilse train in 
the frequency domain and then inverse Fast Fourier trans- 
formed back tn give a rejilistic electrical pulse train in tht* 
lime domain, which is then offset to set an extincticm 
ratio. This offset electrical pulse can then he used as the 
input to a model developed by Bristol IMiversityt which 
takes an electrical current pulse input and, using parame- 
ters to describe the laser diode* in ck-taiJ, models Uie opti- 
cal output from the device. This model also includes a 
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descripUon of fiber parameters and cart predict the optical 
pulses after len^iis of fiber. 

Comparifton of Optieaf Puta« Shapes 

Tlie modeUng softw^are de\^eloped by the University of 
Bristol was designed to calcuJate the optical output of 
quantum w^ell DFB laser diodes grown using the InGaAsP- 
hiP material system. The model can be nm using a time- 
domain description of an electrical pulse train as the input 
Tills has been created at ICO usmg WaveMaker software, 
as discussed in the previous section. The Bristol softw^are 
then models the laser's respcjttse to this large-signal modLi- 
laticin. The reason for instaJling tliese combined models at 
ICO w^as not only so that we could optimize the s-parame- 
ter response of the 2.5<jbit/5 laser but also so that we 
coidd predict the effects on the system perfomtance of 
changing the package components and bond wire lengths 
by looldng at the pulses at the receiver after the fiber. The 
Luifiltered optical output can be displayed as pulses in the 
lime domam before and after an arbitrarj^^ length of tiber, 
the dispersion properties of which can be specified. 

The software also displays the wavelength deviation of 
the laser output during the pulse train, calculated from 
the known laser parameters. Depending on the timing of 
the wavelength deviation or chirp during a bit period, 
quite different effects can be seen when the signal is 
transmitted over fiber. At 1550 nm, short wavelengths 
travel faster through the fiber than long wavelengt:hs. An 
optical imlse that slai Is with a shtn1 wavt*lengtli and ends 
with a long wavelength will spread apart over tlie fiber, 
while a long wavelength al the start and a shon one at Hie 
end will cause the pulse to be compressed over the fiber 

This model has been tised in c^frnjunction with WaveMaker 
to model a system using ku\ UP 2.5-Gbit/s directly modu- 
lated DFB laser in a 14-pin butterfly package as the trans- 
mitter, ai^d over 106 km of standard single-mode fiber 
with 17 ps/run/kin of ciispersion. 

To test the acctn'acy of this combined model, the modeled 
results were compared with experimental results ac- 
{Itiired by modulating tiie laser with an HP 7fl841B pattern 
generator, 'f he output lifter the fi bc*r was then fed into an 
HP liy82A ligiitwave converter with a 15-GMz l)andwitllh 
and the res idling pulses were displayed on an HP 54120B 
digital sampling oscilloscope. For this i>aper, a dlOl 001 1 
tmlse trmn wils used to compare modeled with experi- 
mental results. 



O 
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8ack-tQ-Back (No Fiber) Results. FL^ires 15a and 15b 

show tlie comparison betwetm niock?iecl and experinunit.al 
t't^sulls measLn'ed hack to back for a 2j>GbiVs lasei\ The 
pulse shape of single and double ones can be seen to be 
in good agreement wiili the measured data. It is important 
that the pulse widths for single and double ones are in 
botli cases 400 ps and 800 ps, respectively. 

The other features of the pulse train predicted by the 
model are the oscillatioi^ m both the double zeros and 
the double ones. The first oscillation In the double zero, 
caused by an electrical resontmc'e Ijetween a 3,9-pF parallel 
plate capacitor, the bond wire inductajice, and the lasei' 
resisl anco and capacitance, is predicted wit h correct 
magnitude. A second osciUation appears W'hich is danipcMi 
mth Inspect to the first. Tht^ frequency of oscillation in 
the ones (again because of the electrical oscillations) is 
2.5 GHz, in very good agreement. 



Results over 106 km. Figures 16a and 16b display 
modeled ami extjerimcjual data after transmitting the 
pulse tt\rough 106 km of fiber, equivalent to a dispersion 
of 1800 ps/mii al 1550 nm. As can be seen in both cases 
the pulses are gt^liing narrower antl the widths are still in 
reasonable agreemi^nt . It is the narrowing of the pulse 
width that has been found io cause an improvement in bit 
error rate over fiber. This can be explained by realizing 
that as the pidse compressi^s, the power at the decision 
point is raised^ thus improving the sigual-to-noise ratio at 
the receiver. 

The features of the modeled pulses include the sharpen- 
ing ajid subsefjuent buildup of opt ical power in the fr'ont 
of the pulses and ihe progression into the zeros of the 
suiail optical output that was iitduceti by the resonance. 

In summary, for botJi back-to-back transmission and trans- 
mission over 106 km of fiber, the model has predicted botti 



Figure 15 

(a) Modeled 2.5-Gbit/s pulse tram back to bact 

(b) M&asured 2.5-Gbit/s pulse train back to bBck 
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Figure 10 

(a} Modeled Z5-Gbit/s pulse train after 106 km offlbar. 
fb) Measured 2,5-Gbit/s pulse train after 106 km of fiber 
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piilse widths and pulse shapes with a reasonable degree 
of accuracy. The mode! was also successful in predicting 
specific features of the pulse train, such as oscillations 
and the sharpening of the rising edge. 

Dispersion Panaitv (Vleasurefnents 

The combined models discussed in this paper were used 
to produce good s-parameter results and good pulse 
shapes Q\Tr fiber. The experimental RF tesr to coniimi 
ilus data n-ansmisslon was the bit error rate test, the ex- 
perimental arrangement of which is shown in Figure 17. 
A pseudorandom i-^ — I bit stream is produced by ihe 
HP 7084 IB pattern generator at 2.4S8 Gbits/s, This data 
modulates the laser diode, which has a de bias provided 
by a separate current source. The laser's optical output is 
then directed straiglit into an o]>tica! attenuator for back- 
to-back measLuenients or into the fiber, an amplifier (if 
required), and an attf?nuator for measurements over fiber. 
The purpose of the attenuator is to var>^ the power level 
reaching die receiver The output of the attenuator is then 
fed inlo an HP B;M46A STM 16 hghtwave clock and data 
receiver, the output of which is fed into an HP 70842B 
error detector, which compares the transniitted and re- 
ceived optical pulses, measures the total number of erro- 
neous bits received during a time period, and t:aleulates 
the bit error rate. 

Bit error rate curves are plotted in Figure 18. These are 
plots of bit error rate versus received power in dBm for 



Figure 17 

SchemBtic drawing of the bit error rate test setup. 
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Figure 18 

Bit error rate curves at two different extinction ratios, 
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varying extinction ratios, measured back to back and over 
fiber. As the power at the receiver increases^ the bit error 
rate drops. The dispersion penalty indicates how much 
the power at the receiver must change to maintain the 
same bit error rate for measurements back to back and 
over fiber. Tiie dispersion penalty can be seen as the hori- 
zontal displacement betw(*en the two bit error rate cui"veH 
iind is measured in dB. The value can be positive or nega- 
tive BS explaiiietl laler. 

Figure 18 shows how these dispersion penalties depend 
on another piiramoter — llie extinction rat io. The extinc- 
tion ratio is a measure of how close to its threshold c:nr- 
rent or off state the laser is modulated. It is in the region 
closest to the threshold current that the largest changes ui 
the device s carrier density, refractive index, and hence 
emission wavelength occur To transmit data twer lltji^r 
we intuitively want the wavelength to vary as htUe as pos- 
sible between the on and off states. Tlie extinction ratio is 
defined as the power in the off state divided by the power 
in the on state. The greater the extmction ratio the less 
the wavelength shift, but for maximum sensitivity h is 
desirahle to havt^ as little powder as possible in I he off 
statt\ A compromise value must be used. Ilie measure- 
iin^tiis in Figure 18 were taken at extinction ratios of 5% 
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and 15%. The respective dispprsiHn penalty measurements 
over 106 kiTi of fiber are 0.5 dB and — 0JJ3 dlJ. 

Figure 19 sIiowh hit error rali* re^sulUs tV^r a de\i(^e mea- 
siued back to t)aek, at 5^30 ps/iim {-31 km), IBtJU ps/nm 
(106 km), 2400 ps/nm (141 km), and 3600 ps/mii (211 km). 
Here it can clearly be seen that the dispersion penalty can 
improve over fiber. The improvement in the dispei'sion 
penalty is attributed to the ptilse compression that takes 
place over the fiber when pulses consist of long wave- 
lengths at the begiiming and siiorl wavelengths at the en{l. 
Over 211 km, a double pulse compresses irom 800 ps to 



Figure 19 

Bit error rsta curyes for a device measured oyer different 
lengths of fiber. 
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624 ps, whieh must be close to the limit of useful com- 
pression ]f the sampling is halfway through each bit* 

In this example, the error rate Ls seen to get worse over 
shorter distances of fiber before irnpnjving over longer 
distances. This can be explained by power leaving Uie 
center of the pulse before being replaced by Ihe faster 
tiaveling tail This confirms that, it is not only the magni- 
tude of the chiqj but also the tuning of it that is unpodant. 



Conclusion 



We have described the niicrow^ave, laser, and fiber models 
that were used in the development of the HP LSC2500 
2.4S8-Gbitys DFB Laser diode module. These models have 
been shown to accurately predict Uie mierow^ave s-ijaranv 
eters of the hisei' niodidc^ and tlierefnre thc^ electrical sig- 
nal reaching the laser diode. Knowing the eleetrital signed 
to the laser, the optical output has been predicted, w^hich 
leads to the wavelength chirp ajid therefore the dispersion 
penalty over long lengths of single-mode fiber at 1550 nm. 
Ttie predicted optical pulse shapes both before and after 
the fiber agree closely with the experimeivtal results. 

With the aid of the models, a Iow-f:hini multiple qUfUituni 
well DFB laser module has been developed. Knowledge of 
the modeled behavior of the laser diode as a function of 
the input electrical pulse shape has led to deliberately 
shaping the input pulse to give the minimiun wavelength 
excm'sion during direct modulation, and therefore a higli 
yield of low-dispersion-penalty laser diodes. We have also 
demonstrated that these devices can be successfully used 
for U'aiisniissioii distances in excess of 200 kin. 
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A family of 7-GH2-bandwidth optical receivers and a nine-channel optical 
receiver with a gigabit-per-second data rate per channel have been 
developed for multigigabit lightw/ave test systems for long-haul fiber-optic 
telecommunications links and gigabit optical interconnects for computer 
systems. A new micro-flip-chip process, featuring liftoff-based small-diameter 
solder bumps, is incorporated with HP high-speed InP p-i-n photodetectors to 
minimize parasitic capacitance and inductance and enhance responsivity. 



U. 



Jtrahigh-performance optical receiv£»rs to convert, optical signals into 
electrical impulses require very careful packaging of photodetector and 
etectronic aniplifier ICIs. Very high-perfomiance photodetector and aniplitler 
ICs can be individually fabricated, but when packaged by conventional 
methods that employ wire bonds, the system performance falls short of 
the desired goal. This is a result of parasitic capacitance and inductance 
introduced by large bonding pads anti kjng bond wires. A 7-GIlz-bandviidth 
optical receiver composed of a 26-GHz TnP photodetector and a 12- GHz GaAs 
amplifier requires package-related parasitic capacitance and inductance of 
less than 50 IF and 10 pH, respectively. To nuiiimize tlie pai'asitlc components 
introduced by packaging, we have developed a hybrid flip-chip integration 
approach that bonds a photodetector directly onto a GaAs or Si receiver IC 
by means of very small-diameter solder bumps. 

The packaging of liigh-speed optoelectronic components requires coupling 
of light into a small photosensitive area of tlie photodetectors, 10 to 15 \ini in 
diameter This is usually accompUshed by precise alignment of the optical 
fiber or the U^ansmitter Qaser) to the photosensitive area of tlie detector. The 
flip-chip die attachment technique allows precise placement of the detector 
and the transmitter on the preaiigned and prefabricated solder bump pads. To 
further ease the alignment tolerance and reduce the packaging cost, we have 
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integrated a microlens with the detector to increase its 

effective Mght acceptanct* aperture. The combination 
of low parasitics and self-aligrynent of the flip-chip die 
attachment with an integrated microlens has allowed us 
to realize a family of T-GHz optical receivers for lightwave 
test systems and a gigabit ninp-tthannel optical receiver 
for optical interconnect applications. 

Flip-Chip Pfiol&detector with IVIicrDiena 

Designing a photodetector that f^inmltaneously satisfies 
tht> criteria of high bandwidth, high respoiisiv ity, sniaD 
parasitic capacitance, and high optical coupling efficiency 
is a challenging task, A p-i-n photodetector with a thin 
i-layer has a verj' high banduidth but fails to satisfy tho 
responsivity and low parasitic capacitance requirements. 
It is possible to meet the bandvtidth, low parasitic 
capacitance, and responsivity criteria by designing a 
detector with a small geometry and a moderate i-layer 
thickness. However, an expensive pack^e that employs 
precisi<:)n optics is required to meet the coupling efficiency 
requirement. 

By a combination of the flip-chip packagmg concept ai\d 
device geometry optimization we can meel the required 
system goal. The flip-chip die attachment teclmique pro- 
vides the following advantages to the design and perfor- 
mance of a high-speed photodetector: 

1. The p-i-n photodetector in a flip-chip configuration, as 
shown in Figure 1, allows the incident optical signal to 
traverse twice, or make a double pass through the light- 
absorbing i-iayer, Tliis is made possible by the close prox- 
imity of the reflecting front ohmic contact to the i-layer 
and by allowing most of the reflected signal to be con* 
veiled again to the electrical signal. Tliis gives the designer 
an extra degree of rrcedcmi to satisfy the conflict hig 
recjuirements of high bandwidth and htgh responsivity. 

2. In a flip-<:hip configuration, aU the electrical contacts 
are made through the s€)lder bmtips, which are located on 
thc^ front side of 1 lie detector. Tlie backside of the detector, 
where the incident otJtical signal enters, is free of any 
metallised contacts. Tliis allows an integral microlens^ to 
be fabricated on the back surface of the photodetector. 
Ttie juicrolens increases the effective acceptance aper- 
ture, Qiereby incTcasing the optical coupling efficiency 
while enabling the use of small-geometry devices. This 
significantly reduces parasitic capacitance. 



3. A micro-ilip-chip die attachment technology cmi be 
used. V^ry smallKhameter solder bumps allow precision 
placement of a photodetector directly on top of a receiver 
fC while adding neghgible parasitic capacitance and 
inductance. 

Micro*F[ip-Chip TectinologY 

The conventional hybrid integration and packaging ap- 
proach, which wire-bonds active components to a com- 
mon substrate, rt*quires bonding pads at least 0.003 inch 
by 0.003 inch in size. The parasitic capacitance of a bond- 
mg pad alone amounts to SO fF, and the wire-bond induc- 
tance is typically a few hundred nH. 

There are several mtegration approaches, both monolitliic 
and hybrid, that can reduce the extent of parasitic compo- 
nent loading. Optoelectronic integration technologies thai 
monolithically combine tlie photodetector and electronic 
transistors, although the most effective, are still in their 
u^ancy^ and are not the aiost cost-effective methods today. 
Flip-chip bonding the photodiode and the receiver IC to a 
thin-nini substrate using convei\tional solder bump tech- 
nology' eliminates the i>arasilic capacitance and iiiductance 
of the wire bonds but still suffers from interconnect trace 
loading betwet^n the photodetector and Uie amplifien The 
total capacitance due to the intercxinnect and the bump 
pads amomits to 100 to 200 fF. Flip-ciliip bonding a photo- 
diode directly onto a receiver IC eliminates nearly all m\- 
wimted parasitics. However, the size of the sokltT 1 jumps 
must be kept small to meet the 50-fF goaf Simolaflons 
indicate that solder bumps less than 40 urn in diameter 
are necessary to meet the perfonnance goal. 



Figure 1 

f ftp-chip photodetector cross section. 
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Figure 2 

Micro-solder bump cross section 
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Based on t>itr sysi em performance goals, we have chosen 
to develop a niicro-llip-chip technology that features solder 
bmiips 30 urn in diaineler. During the course of our effort, 
we have addi^essed the following technical challenges: 

■A process for depositing and defining 30-uin-dimncter 
solder bumps 

■A solder bump process that does not. induce significant 
stress or contaminants on the photodetector to cause 
degradation of its performance 

■An underfill process that makes the nrticro-flip^'hip die 
attachment niechanicaliy rugged 

■ Precision placement of very small die (350 ^mi by 
350 ^m) onto a 1-mm-by-l-mm integi'ated circuit. 

Fabrication Procefis 

The fabrication of a flip-chip photodetector with an inte- 
grated microlens involves the following process steps. 
I Tjicioped InGa.A.s optical absorption layers and p^ doped 
InP epitaxial layers are grown on the S-doped n" InP 
substrate using an organometallic vapor phase epitaxial 
(C)MVPE) system. Tlie active region of tlie detector is de- 
fined by mesa etehh\g. The p-olutuc aiid n-ohmic contacts, 
which consist of Ti/PtyAu iaytu*s, are fabricated on the 
front side of the diode. The device is then passivated with 
polyuiiide, A microlens is defined on the polished bat^k- 
side by rellowtng a circular photoresist pattern at 250'^C 
to fomi a hemispherical surface, which is subsequently 
transfenTd into the LnP substrate by means of ion milling. 
Tlie result is a smooth lens surface with an acceptance 
apeiture of 90 um mid a radius of cur\ature of 11 5 [.mi. 
A Si-^Nj^ fdnu which serves as an antireflective coating for 



the tens, is dei>osited using PECVD (plasma enhanced 
chemical vapor depositicm ). Reactive ion etching opens 
up the vias in the polyimide to provide electrical contact 
to the ohniic metal undenteath. Tlie base metal stack is 
deposited by magnetron sputtering followmg a sputter 
etch cleaning step. The base metal stack consists of 
1200A of TiWN, 2000A of Ni\; aiid 500A of Au.- Figure 2 
shows the cross section of the base metal after deposition 
and patterning. 

The TiWN lay(*r promotes adhesion and acts as a metal- 
hirgica! barrier to solder. Since the interconnect metal on 
tlie InP photodetectors is gold-based, it is imperative to 
have a metallurgical barrier Otherwise, upon refiow, tlie 
solder will coj^smne the intercoimect metal on the photo- 
diode. Cr is another possible choice as the base metal; 
however, early experiments nidicated that Cr etchant 
attacks hiP substrates. NiV provides good solderability, 
while An pre starves the solderability of Ni when t^xposed 
to air. After deposiLion^ tht^ b'ASc metal pattern of 30 dots 
is defined on top of the vias with photoresist patterning 
and wet etching. 

To create 30-[un-diameter, 25-um-higli h em i spherical 
bumps aftei^ reOow, we have chosen to dclliie solder pair- 
cakes. The dglit alignment tolerance and small aperture 
required make the conventional shadow mask-based 
evaporation ansuitat)le. This necessitated the develop- 
ment of a Idtofl-based soltier deposition ant! definition 
process. In the micro-fLip-cliip process, 40-^m-dianieter 
licjles are j)hotolithcigraphicjilly defined in a 14-uni-thick 
layer of positi\ c? pholtjiesist.. Tht> exposure and the devel- 
opment time of t he resist are controlled so that the side- 
walls of the 40-^m-diameter openings are vertical, which 
is paramount to a successful liftoff The solder layer is 
60%wtPb/4()^AvtSn and is deposited by evapoi^ation. Tliis 
composition of solder was chosen to ensure that the re- 
flow temperatiu^e is sufficiently low that it will not induce 
any theiTual stress on the p-i-n photodetector The dicmie- 
ter of the bumps is set at 40 ^m and their height at 14 fim 
after the liftoff, wMch gives the optimum aspect ratio of 
the blimps after the solder is reflowed. Figure S shows 
an SEM micrograph of die solder pancakes after liftoff. 

Before solder reflow; the bumps are coated with no-clean 
water-based flux. Once fiuxed, the bumps are reflowed 
at 240''C for 45 seconds. The diameter of the refiowed 
bumps is (50 finr In contrast to the con\ entional shadow 
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Figure S 

SEM micfogrsph ofsofder panvakBs after liftoff. 



figure 4 

SCM micfograpff Qfmicmbumps after refhw. 





nuisk fec'Imiiiiie, oiir liftoff process allows unifomi and 
preciKr tleiliiition of solder bumps witJi diametei'y less than 
50 jxm. It also eliminates the halo ring oomially observ^ed 
wii li ?ihadow tnaslcs. Figure 4 i.s an SEM micrograph of 
reflowed solder bumps. 

Flip^Chip Assembly 

To refhice parasitie capacitance^ the fijmensk.iiis of both 
die die* ruui the detector active area must be minimised. A 
typica] higli-si>eed InP photodetector has a lO-^i diameter 
and its die dimensions are 350 by 350 um. This detector is 
(Hc^-allached to a trajisimpedanre amplifier to realize an 
oi>tit:al receiver as shown in Figure 5. 

The m^jor elements of the die-attach process consist of 
tluxing the solder bumps, aligning, and reflowing the 
solder. A [jrecisely controlled anionm fjf flux is applied to 
the solder bumps of tiie detecttjr usin^ a miciosyringe. It Is 
inipf>rt<inl to limit the volume of tlie flux to approximately 
I nl jo facilitale the aligiunent and to miimnize the amount 
of sohd residut* k^ft on the surface ()F the deltx'tcjr antl the 



Figure 5 

Optical receiver consisting of a flip-chip photodetector 
attached to a transimpedance amplifier. 
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circuit. To increase the mechanical robustness of the 
aLtat;hment, an ei^oxy unck^rfill conipo.sed of 65%wt silica 
is used to fill tl\e gap bcl wccu t ht^ die and the suhstrate. 
The sokler bumps on the detector are aligned to the bimip 
pads of tiie aniplifiei . Because of the small dimensions of 
botli die chips and the solder biuiips, a higli-precisioii flip- 
chip aligner is used for the alignment. The aligner aJlrjws 
simultajieous \iewing of both its lower and tipper chucks 
by means of split optics. Before allgnnienf , the ampliHer is 
loaded on the lower chutrk and the detector on the upper 
chuck The lower chuck is moved until the image of the 
buirips and the image of the amplifier contacUs are super- 
unposed, A shaip image of both clups, necessar^^ for pre- 
cise alignment, can be obtained only when the layer of 
flux coating the solder bumps is very thin. After the align- 
ment bolli chiles ai^e brought into proximity and tacked 
with a precrLseiy controlled force. Because of tlie small 
number and size of the bumps the tacking force should 
not exceed 10 grains; otherwise, the bumps become 
defonned and the surface tension is not strong enough 
to lift the chip during the rellow. 

The solder bumj) interconnection is completed by solder 
reflow^ at 24tPC in a nitrogen atmosphere lising a c!an\shell 
type oven. The oven provides very stable and repeatable 
annealing conditions from run to run. The rellow time is 
45 seconds, which mcludes 15 seconds of ramp tinie and 
30 seconds of dwell tune. 



EVactrloal Cheraoterizaticin 

One of the key featnros of our flip-chip detector Ls its iDw 
total capacitai\ce. Figure 6 shows tlie measured capaci- 
tance for standard and flip-chip photodetectors. FCDxx 
and PDxx designate the ITip-cliip and standard devices and 
XX denotes the diiinieter of the photosensitive area of the 
photodiode. FCD15 and Fl)14 have neatly identical photo- 
sensitive areas, while the total active area of the former is 
one-third that of the latter. As a result, the total f:apaci- 
tance of FDC15 is one-half that of PD14. This is made pos- 
sible by the nucro-solder-bump technology, whicth allows 
a reduction m the size of the p-ohniic contact. 

Dc and frequimcy-domain measiiremcmts are made by 
solder bomping individual photodiodes onto specially 
designed GaM-based chip caniers whose interconnect 
patterns maintain a characteristic impedance of 50 olnns. 
An optical heterodyne system'^ ilhmiinates the tensed 
surface of the packaged device (Tigure 5), and the con- 
vened sigjial is measLU'ed by a 50-GHz neiwcirk analyzer. 

Figure 7 shows a typical frequency response of a 7- fun- 
di am eter flip-clup detector. Its - 3-dB electrical band- 
width is in excess of 50 GH^, wliich is m good agreement 
with our simulations. Tliis state-of-the-art frequency per 
fonnance Is the result of careftd minunizatitni of the para- 
sitic capacitance and induclantie made possible by the 
micro-fh p-chip tec Imology. 



Mechanical Charactarization 

The mechanical strength of the microbunips without the 
underfill has been tested m shake ami shear force tests. 
Several optical receivers wxu*e nitfmited on a chuck, and 
shear force appUed to the detector wds stc^adily increased 
mitil the bumps failed. An average shear force that caused 
complete die separat i€)n w^as 6 grams, or 2 grams per 
bmnp, which corresponds to an eqiuvalent of 25,000g 
acceleration. The bumps sheared m die middle, which is 
the optimum situation. Tlie measiued shear force agrees 
W'ell with the predicted value. The shako (est subjected 
our optical receivers to accelerations of lOODg in three 
axes for a total of 18 hits. AH samples have passed this 
test. Wlien the gap between the die and the substrate is 
filled with the epoxy underfill niateriaL the attachment 
becomes so strong that it is impossible to separate the die 
from the substrate without destroying one or both of them. 



Figure 6 

C&p^citancB ofp-hn photodetectors. 
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Figure 7 


Frequency response of a 7-it m-diameter Hip-chip photo- 
detector 
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Expermients were done to eliminate concern that the 
stress induced on the detectors in the fiip-cMp bonding 
process niighl degrade tlie performance of the photo- 
detectors. The dark current of the hiP p-i-n phoLodetector 
is one of the parameters that is most sensitive to stress- 
induced damage. To determine the effect of induced 



stress, the dark cyrrent of a very lai^e populatioTi of flip- 
chip-mounted photodetectors was nionitored. On the 
average, the increase in dark current is insignificant and 
tuider 200 pA. The typical finai dark current of a flip-chip- 
mounted photodetector is und^r 1 nA. 

TJk^-picai dc responsiiity of a lO-um-diameter flip-chip de- 
tector vnth a 0.7~|im4Mck i-layer or acti\^e layer is O.HA/W, 
hi compaiison. the responsi\1t>^ of standard (ncm-flip^hip) 
detectors with the same i-layer thickness is 0.55A/W. The 
enhanced responsi\1ty of the flip-chip detector Ls a result 
of the Incident light heam bouncmg off tiie top metal 
contact mid passing twice through tlie absorbing i-layen 

The InP microlens mtegrated at the back of the flip-chip 
detector significantly increases the effective light accep- 
tance area of ttie detector. Figure H shows the normalijced 
optical responses of lensed and milensed 25-uni fUp-cliip 
photodetectors. The lensed photodetector has an effec- 
tive collection surface that is four times larger than the 
imlensed de\ice. The advantage of having a microlens 
becomes more e\ident for smaller diameterSp 
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Figure 9 

Schematic diagram of U}B optical receiver circuit 
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Optical Receiver Ferformanca 

An optical receiver was designed and assembled employ- 
ing a Iransjmpedance am]3lifier based on a GaAs MODIC 
(modulation doped integrated circuit) and a 15-[jim flip- 
chip photodiode as sliown iii Figure 5. The schematk' 
diagram of the receiver cii'cuit is shown in Figure 9. This 



Figure 10 

Measured frequency response oftiie optical receiver. 
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transiinpedance design was chosen to focus on the effect 
of die* attat'liing tec;imiques on the performance of tht* 
n*f:t*iver. I'he measurt^d freiiuency response of the receiver 
is shown in Figure 10. The — 3-dB electrical bandwidth 
of the flip-chip optical receiver was 7.2 Gib and the con- 
version gain was 560 VA\' Tlie input referred noise current 
spectral density was 10 pA/IIz^- -. In c^ompaiison, a similar 
optical receiver composed of the same GaAs MODIC- 
based anijilifier iu^d a wire-bonded 15'fim photodiode had 
a bandwidth of 4,2 GHz and an input referred noise t:ur- 
rent spectral density of 20 pA/Hz^'^'^. Tl^e performance of 
the receiver is consistent witli tlie improved bandwidth » 
smaller capacitance, mid higher responf>ivily of t \w flip- 
chip det(.x*tcn. 

Nine-Channel Optical Receiver 

The flip-chip die attachment provides a capability for pre- 
cise placemt^nt of the chip on predefined bnmp pads. Dur- 
ing the rellow process, the surface tension of the molten 
solder v^ill pull the chip to within a few inicrometers of the 
predefined pads. Tliis tleature is very useful iti the assembly 
of a multichannel optical receiver, which requires each 
detector element to be placed precisely al a pi odermfHl 
location to facilitate optical couplmg and rodut-c ctoss 
talk. 

We have designed and fabricated a nine-channel sihcon 
bipolar receiver IC that has nine sets of solder bump pads 
with nine photodetectors flip-chip bonded on them as 
shown in Figure H. The electrical performance of each 
channel is tested by supplying a l-Gbit/s NRZ pseudo- 
random fiptical input signal. The electrical output, as 
represented by the eye diagram shown hi Figure 12, 
indicates l-Gbit/s periormance per chaimel. 



ngure 1 1 

Nine- channel optical receiver 
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Figure 12 

Output eye diagram of one channef of the nme-channel 
optkai receiver with a t-Gtit/s input signal 
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ConcJusion 



We have successfully incorporated a microflip-chip tech- 
nology with our optoelectronic components. In the flip- 
chip die attached form, a p-i-n photodetector with an 
i"layer thickness of 0.76 imi has an average responsivity 
of O.S.VW at 1300 run aiui a dai^k current of less ti\ar\ 1 nA. 
A 7-^ni-dianieter flip-chip photodet^^clor has a - 3-dB dec- 
trical bandwidth in (^x(;ess of 50 GHz. The flip-chip opticid 
receiver with a 15-fjiju detector has a nieasun^d - 0-tfO 
electrical bandwidth of 7 GHz while a wire-bonded version 
has a -3-dr^ bandwidth of 3.9 GHx. The self-aligning fea- 
ture of the [lip-chip die attachmeni is very useful in the 
assembly of a nine-chamiel optical receiver tliat operates 
at speeds in excess of 1 GbiVs per channel. The same flip- 
rhip technology ran he cjLsily rombincti with a vcrlirai- 
cavity surface emitting laser (VCSHL) tr^uismitljer to realize 
a nip-chip optical transceiver. 
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A 2.488-Gbit/s Silicon Bipolar Clock and Data 
Recovery Circuit for SONET Fiber-Optic 
Communications Networks 



Richard Walker 



Cheryi Slout 



Chu-Sun Yen 



Lewis R. Dove 



Adjustment-free clock and data recovery for 2.488-Gbit/s SONET applications is 
provided by a 1.77W. 3.45 x 3.45-mm^ chip implemented in a 25'GHz fj silicon 
bipolar process. The chip has an on-chip VCO and operates from 2 to 3 Gbits/s 
over process, voltage, and temperature variations with a single off-chip filter 
capacitor. For network monitoring, a highly reliable loss-of-signal detector is 
provided. For good mechanical, thermal, and RF performance, a custom package 
was developed using HP's fine-line hybrid process. 



S 



'UNET 2.48S-Gbit/s transmission and switching systems, network back- 
bones, and video transmission are among the many applications benefiting 
from inexpensive and robust clock and data recoveiy circuits. Clock and data 
recovery circuits are used in high-speed cominunic^ations systems, typically 
long-span, singlt*-niode fiber-optic links. Their job is to regenerate clean clock 
and data signals from arbitrary s< rambled data inputs that have been corrupted 
by jitter and Inter^ymbol interference. 

To provide highly reliable clock and data recovery for 2488-Gbit/s SONET 
data transmission, iht^ IIP CAM 2500 clock and data recovery circuit has been 
developed. Previous conunercial solutions for this application have required 
multiple chips and GaAs processes.^ The CDR 2500 was designed in HP's 
25-GHz f^ silicon bipolar proce.ssr and incorporates several new circuit ideas 
developed at HP Laboratories^ namely an arbitrary-data phase detector, a 
reliable loss-of-lock detector, and a monolithic wide-range VCO circuil. 

Building oi^ techniques developed for the HP G-Unk data communications 
chipsetj'^ the CDR 2500 has been optimized for teleconununicrations needs. The 
nisyor differences between these two applications are how the data is coded for 
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Figure 1 

Clock and data recovery chip block diagram. FDET = frequency detector. POET = phase detector 
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transmission and how the circuit responds to jittjer on the 
incoming data. In thc^ G-Link application, a specific line 
code was used that guaianteed periodic transitions in tlie 
data. Such a code siinpllTies the clock recovery Job. The 
telecoimiiiuiications chcuit, by contrast, must operate on 
scrambled data with random transitions. 

Data comnniniralions links aro tyiiically much shoi'ter 
than teiecomniuni cations links. The extra signal-to-iK>ise 
ratio in a short link means that time jitter is much less of 
a proVjlem ttifin in a teleconiinunicaiions link. Because of 
tliis, tiie IIP CDR 2500 design rc^ quired exi ra care to meet 
the more stringent jitter requirements of long-haul SONET 
applications. 

Chip Block Diagram 

A sunphfied block diagram of the chip is shown in 
Figure 1. Tkble 1 smiimarizes the chip cliaracteristics. 
The mput ampiiiler can be driven either single-ended or 
differentially and is ac-coupled and terminated on the 
associateci Uiick-fdni hybrid. A Cherrj^-Hooper vtideband 
amphfier'^ at the mput minimizes pulse width distortion 
witli single-ended injjul signals. 



Table 1 




Siif n ff aif tj of Chip Charac. le) ist 


Ics 


Parameter 


Value 


Gtiaianteed Frequency Range 


2 to 3 Gbits/s 


Supply Voltage 


4.5V to 5.5V 


Supply Current (nominal) 


340 mA 


Power Dissipation 


1.77W 


Case Temperature Range 


Oto60^C 


Die Size (gate array) 


3.45 X 3.45 nmi^ 


Nuniber of AcUve Devices 


3606 


IC Process 


25-GlLi fT Si Bipolar 



The phase-Iocked-loop portion of the circuit includes two 
different phase detector blocks. To ensure that the on-clnp 
VCO will operate at 2.488 GHz over variations in process- 
ing parameters, it has been designed viith a ']: 1 frequency 
tuning range. To avoid locking onto hamitniics of tlie data 
signal, it is important that the VCO be kept close to the 
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desired operating frequency. The first frequency/phase 
detector, labeled FDET in Figure 1, is used to frequency- 
lock the VCO iniriaily to an exteoial reference equal to 
1^256 the desired bit frequency. The FDET block also pro- 
duces a frequency lock error signal (flsek). which is used 
by the state machine to sense when the VCO has reached 
the correct frequency. The second phase detector, labeled 
PDEX operates on random data and produces three sig- 
nals: data trarLsition detect fdtrars). data lock detect (dlock), 
and a tri-state bang-bang phase error si^al. 

The loss-of-signal (LOS) state machine block monitors 
the status outputs of the two detectors. On power-up, the 
state machine enables the frequency detector (FDET). 
\^Tien the VCO is frequency-locked to the reference and 
data tiansitions are detected on the data inputs tiie phase- 
locked loop is switched to use the bang-bang phase detec- 
tor. If the data lock detector stabilizes within an iiilowable 
time, then the loop remains phase-locked to the data. 
Otherw^ise, the VCO is retrained to the reference clock 
and the sequence repeats. 

If the input data is interrupted or corrupted, the VCO 
needs to be retrained to the reference frequency input. 
Switching to the reference loop destroys the phase-locked 
condition between the VCO and the incoming data, causing 
errors in the retimed data output, hi a tc^Iccomniimications 
application, thesc^ errors amid potentially intemipt service 
for tlioostmcLs of telephone usei^. Therefore, a highly reli- 
able algorithm must be used for detemiining loss of signal, 
so that the VCO is letrained to the reference only under 
high bit en'or tate conditions. 

Loss-of 'Signal Detection 

The robust LOS detector is built by statisticcdly process- 
ing lliG PDET data lock detector output. The data lock 
detector operates by monitoring the phase relationship 
between data ^ero crossings and the VCO output. Any 
risu^g or falling edge occuning more tlian ± 135 degrees 
away from the nominal location is llagged as a raw phase 
error. 

For typical noisy input signals, iai^ge hiput data phase 
excursions occtir with approximately the sajne probability 
as the bit error rate (BER). Random dat^i has tialf as many 
transitions as actual bits, so the raw phase error rate can 
be approximatetl as BER/2. 

If we simply used raw phase errors to determine when 
to restart the link l)y r(>it)cking the VCX> to the reference, 



then we would gel a ver\' imreliable and sloppy relation- 
ship between mean time to restart ( MTTR) and BER. For 
a simple LOS algorithm in which the link is restarted on 
an isolated phase error event, the link would restart an 
average of once per second at a BER of 10 ~'* and every 
10 seconds at a BER of 10~ ^'l This is a 1: 1 relationship 
betw^een BER and MTTR, In this simple system, an unreal- 
istic BER of 10~ ^^^ would be required to ensure an MTTR 
of greater than one year between restarts. For system reli- 
ability reasons, we chose as a design target that the link 
should restart within 1/10 of a second at 10 ' ^^ BER. and 
should assert LOS less than once per year at 10~ ' BER. 

A way to steepen the LOS/BE R relationship is to process 
phase error events in multibit bins and require that multi- 
ple consecutive bins eacli contain at k*asl one error be- 
fore asserting LOS, The current design groups phase error 
events into one of four programmable bin sizes (N), each 
requiring a dilTerent number of consecuti%^e errored bins 
(Mj before asserting LOS. Assuming that the phase error 
rate is approximately equal to half the BER, then if Tbu is 
the bit time, 



MTTR 



NT- 



bit 



f 1 - fl - BER/2)N) 



N^M" 



The exponent M in tlie denominator of the MTTR expres- 
sion sets tile slope relatioj^ bc^tween phase error and 
MTTR. Setting M to 7 rcnjuires only one decade change in 
BER to change from mi MTPR of one s(*cond to c>ne yc^ar. 
Selection of one of the four possible states is program- 
mable by two digital bond options, providing an LOS 
threshold between approximately 10 ~^ and 10 ~^ BER. 
The exact BER varies according to the application 
because of the system dependent relationship belween 
phase error rate and BER. Figure 2 shows measured 
MTTR versus calculaled MTTR results for a system in 
which M = 7andN = 2i*^. 

VCO 

The VCO is composed of a cascade of tw^o variable-delay 
blocks as shown m Figure 3. Each varial>le-delay block 
is composed of an amplifier/delay cell and an interpolator 
A sec*ond interpolation section extends the tuning range 
while minimizing inlerpolation jitter. Tlie shaded Lnlerpo- 
lator in Figure 3 interpolates between anondelayed 
input and an input delayed by the shaded amplifier/delay 
cell. Tile shaded ehMuents are retnirsivc^ly used as a delay 
cull for the unshaded inien>olator ( wii h the liang-bang 
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Figure 2 

Calculated and measured relationship between BER and 
mean time to link restart. Parameters used were N—2^^, 
M=7. The dashed line is a calculation assuming the raw 
phase error rate is approximately equal to BER/2. The 
circles are measured data points. 
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input). This recursiv^e conneclion niininiizes the phase 
difference between the inputs of the interpolatoi's. 

The VCO outputs are taken from noiicritical, highly 
buffered portions of the loop to minimize loading. The 
3:1 frequency range of the circuit guarantees 2-to-3-GHz 
operation across process, temperature, and power supply 
variatioi^s. Tlie main timing iJiput is preflltered by tw-o 
100"MHz poles to red^ice sensitivity to powder supply 
noise, Tlie vti de-bandwidth bang-bang timing input has 
500 times less gain than the main timing input, and is 
implemented by injecting small currents into the inter- 
polation cell 

The phase-locked Joop uses a bang-bang phase detector 
and a positive feedback charge pump similar to those 
cl(\scribed in references S and 5, The two-tiuiing-input VCO 
architectiu'e. in coi^unction with a binary-quantized phase 
detector, resultjs in a VCO drive voltage equivalent to a 
first-order sigma-delta conversion of the instantaneous 
loop frequency enor. By adjusting the relative gain of the 
tw^o VCO timing mputs, a trade-off can be made between 
jitter generation and jitter accommodation. Unlike a tradi- 
tional analog loop, such a system cannot be characterized 



by a loop bandwidth. Tlie ability of the loop to track in- 
coming phase jitter is a sUnv-ratc liniiLefi process^ with an 
effective jitter bandwitlth proijortlonal to jitter amplitude, 
hi practice, this behavior is ideal for the input of a SONET 
regenerator for which a w^ide input jitter-tracking band- 
width is desirable to minimize sampling errors, and in 
wliich the overall syylem jiner transfer function will be 
set by a separate narrowband transmitter phase-locked 
loop. For tiiis design, Ihc bang-bang amplitude and charge 
pump time constant have been set to meet the SONET 
jitter tolerance specification. The resulting jitter genera- 
tion, as calculated from the jitter spectrum in Figure 4, 
is 0.0049 III rms fUI = unit interv^al - T|,it)^ 



Figure 3 

fa) Ring oscillator VCO block diagram showing cascaded 
variable-delay blocks. A basic variable-delay black consists 
of an amplifier/delay cell and an interpolator (shown shaded}, 
A second interpolator extends the tuning range of each block 
ib) Interpolator operation. 
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Figure 4 

dock phase noise medsured under open*hop condkions 
and when locked to a 2^- I pseudorandonf bimry 
sequence (PRBSl Under locked condiUons, the integrated 
\^3liie of the phase notse, fittered by a smgie-potQ 5-kHi 
high-pass fitter and a 100-MHz !ow-pass filter is O.fMm UK 
or l.B degrees rms^ 
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Figure 5 shows the recovered clock and data in the 
presence of noisy data. 3-GHz white noise was added 
to a (2-^'^ — 1 )-bJt. pseudorandom binary sequence (PRBS) 
signaJ until the system was operating at 10 ~ '^ BER. The 



Figure 5 

Top trace: Input 2^^- J PRBS data with broadband noisG 
added to achieve W~ ^ BER. Middle trace: Recovered data 
eye. Bottom trace: Recovered clock. All signals are triggered 
from the BER tester dock input 
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Figure 6 

Clock and data recovery chip. 




noisy input signaJ, the recovered data, and the recovered 
clock are shown in the top, middle, and bottom traces, 
respectively. 

Figure 6 shows the die photo of the chip. The layout was 
done using a gate array inodiodology witli fully dilten^nOal 
ECL cells. Less Uian half of the array capacity was used in 
this design. 

Package and Substrate 

Figure 7 shows a picture of the assembled CDR 2500 
multichip module. Its consists of the HP-25 clock and data 
recovery IC attached to the 96% alumina substrate along 
witli two diodes, a discrete transistor, 12 chip capacitors, 
and a chip resistor. Tlie large packaged device in the lower 
left Cromer of the substrate is the reft^rence fjscillat.or. This 
is a (*onunercially available surface mount crystal oscilla- 
tor operating at 2.488 GHz/256 ^ 9 J1875 MHz. All devices 
are attached to the substrate usii^g conductive epoxy. The 
two transistors vLsible on the liybiid are used to level sliift. 
the lossnof-signal output to be compatible with 5V CMOS. 
0.0014nch gold wire bonding is used to connect to the die. 
The l-in-l)y-l'in substrate is attached to a 68-pin Kovar 
package using conductive epoxy, Tlie package leads are 
formed into a gull-wing coniiguration so that the package 
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can be soldered to a printed circuit board. The module is 
tested at speed (2.488 Gbits/sJ. 

Tlie substrate is fabricated using proprietary HP enhanced 
tliick-fUni processes. These processes make the high-speed 
peribnnanc^e of tlie packaged clock and data recoveiy 
circuit possible. They provide lugh-frequency perfomuinct) 
anil density rivaling what can be obtained using thin-film 
processing at a fraction of thin-film's cost. 

Clock and data recovery circuits require excellent input 
return loss to prevent intersj^ibol interfertmce caused by 
reflections at impedance discontinnties. The target for tl\e 
CDR 2500 was to achieve better than 15 dB retiuti loss up 
to 2.5 GHz. However, the discontinuities causeci by the 
package's gidl-wing lead and by the wire bonds that con- 
nect the substrate input and output lines to the pa<:kage 
puis eat up much of tlie available return loss specification. 
Therefore, tiie return loss of tlie thick-film transmission 
lines and the input 50-ohm termination resistors had to be 
even better. Thai mt^ant that tight control of the trans- 
mission hnt^ impedaiic;es was critical. To minimize high- 
frequency parasitics, it was important to use physically 
small, tightly controlled termination resistors. 

The three HP proprietary thick-fi.lm processes used in 
fabricating the HP CDR 2500 are: 



■ Fine-bne etched gold conductors 

■ Solid filled vias 

■ Small thick-film resistors. 

The fine-line etched gold Ls the predominant pattern cover- 
ing the substrate in Figure 7. Gold thick-film paste is 
printed across the substrate and is etched iLHing a photo- 
lithograpliic process to produce the conductor pattern. 
TKg? fme-lme gold has several advantages over standard 
thick-film jjrinting. It resolves very small dimensions— 
do\\ii to 0.()()2-inch fines and spaces. This can be seen in 
Figure 8, which shows a closeup of the area of the sub- 
St rate ai^ound the pad for the HP-25 die. Several of the 
gaps hetween conductors leading to the* div are 0.002 inch 
wide. This p(>miits high pattern densities near the IC^ 
making it possible to minimize wire-bond length and 
bringing the bypassing capacitors very close to the c:hip. 
Both of these factxjrs iielp to minimize noise in the circuit. 
Having short, consistent wire-bond lengths is critical for 
achieving good return loss. Also, the fme-line etch process 
permits much better control of conductor line widths and 
spaces, needed to maintain ac:curate 50-olmi transmission 
fine unpedances- The etched fine-line conductors also 
have straight, well-defined side walls, which offer good 
high-frequency performance. 



Figiu-e8 

A close-up of the clock and data rQCOVsry module thick-film 
circuitry near the HP- 25 die pad. 
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Solid filled \1as can be seen in the ground regions in 
Figure 8. The \ias are used to conne<"t ground pads on top 
of the substnite to the backside ground plane. The solid 
filled \^a Is formed by printing a solid plug of paste into 
the hole, filling the hole completely. Hits provides a very 
consistent, low-resistance ('C25 milliohnis ), low-induc- 
tance path to groimd at RF frequencies. In Figure 8, there 
is a ground pad that has a solid filled via. near the upper 
right comer of the pad for the IC. Note how small the gold 
pad is — only about 0,002 inch larger than the via itself. 
Two bond wires are bonded within 0.002 inch of the \ia. 

A closeup of the input section near the IC pad is shown in 
Figure 9. The four black elements are thick-film resistors. 
These are the sniaJl HP resistors, which can bc^ as small as 
0.010 inch by 0.010 inch, veiy^ smaJl for thick-lilm tech- 
nology. The two lower resistoi's are 0,0 10-by-O.0 12-inch, 
DO-olim teniunation resistors for the circuit's input lines. 
They are laser liimnied to ± 0-5% tolerance. Their small 
sizej which minimizes their high-frequency parasiticsT and 
their tight tolerance make tliem excellent terminations. 
The two resistors above tiie terminations are 0,OH>by- 
0.012"inch l-kilolmi bias resistors. They are made small to 
maximize circuit density aroimd the chip and keep bypass 
circuitry as close to the die as possible. 



Figure 9 

A close -up of the clock and data recovery modules thick- 
fiim input section showing small resistors (black elemsnls}. 




Subitratd Te<;hnology SefacfTon 

Why is the IIP proprietai^' thick-film on ceramic technol- 
og>' used for this application? Why couldn't a laminate 
technology; which is generally sli^tly I^ expensjve, be 
used instead? Primarily becanse it would be difficult to 
achieve the electrical performance, A laminate would 
have difficulty holding the tight transmission line toler- 
ances that are required, tf a laminate were used, the ten 
resistors now implemented using thick-Ghn technology 
couldirt be integrated into the substrate, in general, this 
would increase cost and reduce the circuit density around 
Oic chip, Oiereby mo\lng bypassing farther from tJic IC 
and degratling the electrical performance. For the input 
tcnnination resistors in particular, asing add-on resistors 
would add parasitics, making the return loss specification 
even harder to meet. Keeping the size of the circuit as 
small as possible is important, and usmg add-on resistors 
would probably necessitate an increase m the size of the 
device. 

The HP-25 die dissipates L8W, For the original application 
uJl iJie HP CDR 2500, the circuit sits in a Kovar package in 
an enviromnent with no air flow and no room txj attach a 
heat spreader or a heat sink. TliuSj the thermal perfor- 
mance of the device is important, and using a laminate 
instead of cx^ramic for the substrate would subst antiaUy 
increase the die's junction temperature. The die must be 
back-biased t[5 — 5.2V, so cutting a hole in the substrate 
and attaching the die directly to a pedestal brazed to the 
package is not an option. Attaching it lo an electrically 
insulating heat shig is possible, but the added cost of this 
ajjproach would negate some of the c:ost savings of the 
laminate. 

Design 

To detennine that thick-film fine-line transmission lines 
could be f'ontroUed well enough to meet the CDR 2500 s 
return loss specifications, a Monte Carlo analysis was run 
on the HP Mif:rowave Design System (HP MDS). This 
analyzed the change in transmission line characteristic 
unpedance as a function of the inherent variations in HP's 
fine-line conductor process. Changes in conductor line 
width, substrate dielectric constant, and substrate^ thick- 
ness aie llie primaiy factors tliat affect characteristic im- 
pedance, HP MDS varies these parameters, and the result 
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Figure 10 

A time-domain r&ffectometsr meBSurBfTiBnt of one of the 
input fines of the clock and data reaovory muftichip module. 
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Ls a probability density function and a standard deviation 
for the resulting changes in characteristic impedance. 
The changes in characteristic impedance were put into a 
SFtCE simulation of" the clock and data recoveiy cu'cuit*s 
inpuf. This confirmed that a &ie-line solution could pro- 
duce acceptable results in a manufacturing environment. 

HP MDS was used to design tlie multicMp module's critical 
transnussion hues, after previously correlating the MDS 
models to measured data oi' the IIP processes. The design 
of the HP CDR 2500 multiclilp module worked the first 
tune it was prototyped. Figure 10 is a time-domain 
reflectomeier (TDR) chsplay of one of the prototype input 
transmission liiK?s, measured using a 160-ps pidse. The 
vertical scale is 2% reflection per division. The first In- 
ductive discontinuity (at 29.7280 ns) is caused by the test 
fixture used to probe tlie package. The second and largest 
inductive discontinuity Ls the wire bond leading from the 
package pm to the substrate. The region inunedlately fol- 
lowing that (for nearly two time divisions) is the micro- 
strip and grounded coplanar wavegiude transmission Ime. 
It shows very little reflection ^ and there is no discontinu- 
ity at the 0.010-inch 50-ohm tennination resistor. 

The production version of the IIP CDR 2500 replaces the 
package-to-substrate wirebonds with U.001-by-0,Dl};>-iiich 
ribbon bonds. This low'ers the inductive discontinuity and 
furtiter improves the module return loss. 

Trends in Serial Communic^etion 

Long-haul transnussion capacity has traditionally grown 
by expansion of bit rales. Tlie last 20 years has seen data 
rates jimip by over tltree ordei's of magnittide. The need 
for liigher rates is motivated by tlie potential capacity of 



existing fit)c*rs and by tlie high cost of installing new fiber- 
optic cables. 

Recent development of fiber broadband optical amplifiers 
and workable wavelength-domain multiplexing (WDM) 
techniques have somewhat changed this trend. Because 
WDM allows multiple high-speed channels to share the 
same fil>er» there is less of a need for heroic efforts to ex- 
tend the serial data rate of each channel Pulse dispersion 
at higli bit rates and the limitations of electrical circuits 
make it likely thai individual link speeds will top out at 
10 to 40 Gbits/s for the forseeable future. 

High-speed clock and data recovery circuits will still be 
needed for each wavelength channel, and the market 
demand for such circiuts mil continue to grow in relation 
to world data transmission needs. 

As the industry becomes more mature, we will see in- 
creasing pressure on vendors to increase the integration 
level of their link f Cs by including limiting amplifiers, 
demultiplexers, and payload process ing circuity on their 
chips. This is starting now^ at lower data rates (e.g., 
155 Mbhs/s), and will proceed up to higiier rates as IC 
processes improve. 

Tlie relatively micritical data commimications needs will 
likely be met adequately with futiu^e CMOS processes. 
Gigabit-rate clock and data recovery circuits can already 
be built using multiphase sampling in cuiTent CMOS pro- 
cesses. Such architectures achieve high speed at the cost 
of systematic jitter caused by mismatched clock phases. 
For jitter-sensitive telecom mmiications applications^ it is 
likely that bipolar processes will be needed for at least 
the next five to ten years. At the end of that tmie, bipolar 
implementations will likely be less desirable, the reason 
being that, although bipcjlar processes provide superior 
front-end clock and data recovery performmice, they 
are not capable of the extremely high integration levels 
required for pay load processing. A compromise approach 
woidd be to add relatively low'-perfo nuance CMOS de- 
vices onto an existing high-speed bipolar process. Such a 
process woidd then be an ideal compromise between the 
precision high-speed, low-jitter froni-end clock and data 
recovery requirements anri the need for large-scale digital 
pay load processing on die same cliip. 
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Conolusiop 



Tht^ CDR 2500 is a step forward towards higlier iiitegmtion 
density for- SONET 2.488-GbiL/s systonis. llP^s 25^GHx It 
bipolar process provides good jitter performance at a 
lower cost than previous ninltic:liip GaAs iniplementations 
for tliis data rate. Tlie HP CDK 2500 takes advantage of 
proijrietary HP thick-fOin technology that includes etched 
fine-line gold conductors, solid Tilled via.s, and small resis- 
tors to provide excellent RF and high-speed digital perfor- 
niance at a lower cost than thin-film technology. 
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Testing Erbium-Doped Fiber Amplifiers 



James R. Stimple 



EDFAs can overcome losses in long fiber-optic links independent of the digital 
bit rate, and can amplify multiple signals in a wavelength-division multiplexed 
(WDM) system architecture. As more and more EDFAs are deployed, designers 
add new features, creating a need for more sophisticated testing. This paper 
provides a brief survey of the tests required to characterize EDFAs. 



A 



.small child in California calls her grandmother in Gennany. To her, the 
call seems effortless and Grandma sounds as if she is right tliere. A teenager iii 
Arkansas is surfing the Net to find out about the latest, in skateboard parks for 
a trip planned for the upcoming summer. A retired auto worker in Japan checks 
e-inail to see if a mes.sage from an old coworker has arrived confirming llieir 
upcoming fishing trip. These common, everyday events are only possible 
because of the vast deployment of capacity on the global communications 
network. 

Fiber-optics technology is the heart, of this "information superhighway" which 
spans the globe. Its tremendous capacity for canying information in digital 
form is revolutionizing the way people live and work. Linked with cellular 
phone systems and computers around the world, this network provides access 
to incomprehensible amounts of information and vast connectivity. The most 
recent element adding to the success of these systems is the fiber-optic 
amplifier. 
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Erbium-Doped Fiber Amplifiers 

The development of erbium-doped fiber amplifier [EDFA) technology has 
greatly changed the design methodology of fiber-optic system designers, 
Traditionai fiber-optic systems used regenerative repeaters to boost the signals, 
as shown in Figure la. When the length of the link exceeded the practical 
single-span passive hmit, these regenerative repeaters detected tJie signal and 
retransmitted it with a laser, restoring the signal level as well as the signal 
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Rgure I 

(a) UghtW3\/B systBtn with regenerative repeaters. Gain is provided by the electronics and each regenerative repeater is 
matched to the data rate of the system, fbj Lightwave system with erbium-doped hber amplifiers (EDFAsj. The amplifiers 
boost the signal independent of the data rate and allow multiple wavelengths. 
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fidelity. Although these regenerative repeater systems 
worked well, they were very expensive, and once installed, 
the capacity of the Unk was fixed. 

With the development of EDFAs, the link losses could be 
overcome by amplification y^ shown in Fiffiire lb. Unlike 
the regenerative repeater systems, these "transpanmt" 
amplified systems are independent of the digital bit rate. 
This feature allows an upgrade path to higher bit rates as 
solutions to other limitii\g factors such as cliromatic and 
polarization-mode dispersion become available. EDFAs 
are also able to amplify multiple signals in a wavelength- 
division multiplexed (WDM) system architecture, adding 
another dimension to the capacity equation. 

Many point-to-point terrestrial Imks are being upgraded 
firom regenerative repeaters to amplified links because of 
the high cost of laying more fibers in the ground. In many 
cases, adding sections of dispersion-compensating fiber 
with each anxphfier can allow upgrades in bit rate as well 
as the possibility of WDM. Amplified systems will soon 
use WDM n<:)t only for increased capacity, but as a means 
for information n>iiting, eliminaling the need for expensive 
higli-speed tk^iuulliplcxijig and reniultiplcxing at each 
optical node. 

To date^ the m^jor emphasis of EDFAs ha.s been in the 
high-capacity portions of tlie network, but as the f;ost of 
EDFAs comes down, they will also be deployed in the 



subscriber loop. Here the emphasis will be on WDM to 
allow single users high-speed access to the network. 
Thus, the EDFA is rapidly becoming the workhorse of the 
system of fibers that spans our globe. 

How the EDFA Works 

Figure 2 shows the simplest block diagram of an EDFA. 
The erbumi-doped fiber is a silica-based fiber waveguide 
with a high concentration of erbium atoms. The presence 
of the erbium provides for ionic transitions leading to 
photon emission in the 15;^0-to-1570-nanometer wave- 
length range. Pump lasers at one or more of the absorp- 
tion wavelengths (typically 1480 nni or 980 nm) provide 



Figure 2 

EDFA block diagram. 
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Figures 

ED FA output spectrum measured by an optical spectrum 
analyzer. 
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the excitation for the emission process. The fiber length is 
tyjiicaJly around 70 meters and amplifier small-signaJ gains 
of 35 dB are common. 

Figure 2 shows the pump laser in the counterpropagating 
configuration, in wliich the pump energy travels in the 
direction opposite to tlie signal. Amplifiers can be pimiped 
in the copropagating direction by placing the WDM on the 
input side. Maaiy amplifiers have both copropagatiitg and 
counterpropagatmg pumps for redundancy. 

Without an input signal, the EDFA is a source of sponta- 
neously emitted photons. The wavelt^ngth sptK;tnim of 
ttus spontaneous emission procc^ss is dt^t(?rmined by the 
s talis Lit:al distribution of Iht* t?nergy bands in thi* erbium 
atoms. Spontaneous enrission photons are of random 
phase, random direction ^ and random states of polariza- 
tion. As these spontaneous photons travel along tJie fiber, 
they can replicate through the process of stimulated emis- 
sion. This process creates a second photon of the same 
wavelength, phase, polarization, and direction as the first. 
The total output spectrum originating from spontaneous 
emission photons of the EDFA is called the amplified 
spontaneous emission (ASE) and is shown in Figure 3. 

With a laser signal applied at the amplifier input, many of 
the would-be spontaneous emission piiotons from both 



the forward and reverse directions in the fiber are stimu- 
lated by photons from the laser. This not only provides 
the required amplifical ion, but reduces the ASE as shown 
in Figure 3. 

The parametric: nature of the amplififiation pn^vides a 
nonlinear gain characteristitr. EDFAs are generally oper- 
ated in the compression region. This is higlily desirable 
for long conmimiication links because Llie amplifiers pro- 
vide natm'al leveling of the signal. An additional feature of 
EDFAs is their long time constants for the absorption and 
emission processes. These are typically from 100 to 
500 micTosec'onds. Since the laisers are modulated with 
2.5-gigabitysecond data or higher, tht^re is virtually no 
distortion of the information being transmhted. This 
attribute also proves highly desirable in a WDM system 
because it ehminates the possibihty of cross-modulation 
products in the amplifier^ which would be devastating to 
the system integrity. 

Testing EDFAs 

As more and more EDFAs are deployed, designers are 
adding new features to the basic {lesign. Amplifiers are 
basically custom designed to meet the particulai" applica- 
tion requirements. As the complexity of these amplifiers 
evolves, so does the need for more sophisticated testing. 
At Hewlett-Packard Laboratories and the HP Boblingen 
Instniment and Lightwave Divisions, significant efforts 
are ongoing in test method research and the development 
of test and measurement systems for EDFAs. 

Basic Gain and Noise Figure 

The basic measurement re<iuirements for an EDFA are 
sunply gain and noise figure. How much amplification 
does it provide and how^ much degradation of the signal- 
to-noise ratio miglit be caused by tJie amplifier in a given 
application? The diagram in Figure 4 shows the basic 
measurement setup. The source is generally a tunable 
laser to allow a variety of wavelengths and powers for the 



Figured 

Basic s&tup for measurements of EDFA ctiaracteristics. 
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input signal. The receiver is aii opticiil spectrum analyzer 
to piwade wavelength selectitm (resolution) of the output 
signal and ASE. 

The amplifier's nonliuearity complicates the measure- 
ments, since the gaii\ is a function of the input signal level 
and wavelength. The noise figiue mcasurenient is furtlier 
complic:ated by the fact that the source has a spontaneous 
emission spectrum of its own m addition to the dominant 
laser spectral line. 

To accurately measure the gain characteristics of the 
amplifier, one must first specify the wavelength and power 
of the input signal. Usually the povi^er and wavelength are 
both a range of desired values. Measuring the output signal 
level under each of these conditions will give the gain. 
The gain G in each case is simply tlie output signal power 
divided by the input signal power. For low signal levels, 
it is important to subtract the spontaneous emission from 
the measured ou^ut signal to obtain the true output signal 
power. 

The noise figure is calculated from an additional measure- 
ment of the output ASE and the equation: 

NF - ASE/hvG + l/G, 

where ASE is expressed in watts/llz, h is Pianck^s constant, 
and V is the optical frequency in hertz. 
The ASE measurement is difficult because the spontmieous 
emission spec:trum of the laser is amplified and can add to 
the ASE of tlie amplifier Elimination of this effect can be 
accomplished in one of three ways: 

m Interpolation sotm-e subtraction. The level of sponta- 
neous emission at the signal wavelength is interpolati^d 
(averaged) from measurements on either side of the 
signal and is subtracted from the signal. 

mpQlaHzation extinction. This technique uses the fact 
that the signal from the laser and its spontaneous emis- 
sions are polarized and the ASE in tiie EDFA is not po- 
larized. By placing a polarizer m front of the optical 
spectrum analyzer and ac^justing the polarization to null 
out the signal, the spontaneous endssion of the tunable 
laser source is extinguished from the measurement, 
leaving ASE/2 received at the optical spectrum anaJyzer. 

mTime-domam extinctimi. This is similar to polarization 
extinction in that the effects of the source are eliminated 
rather than subtracted. This method uses the fact that 
the EDFA recovery lias a long time constant. Modulating 



the tunable laser source on and off rapidly compared to 
the recovery time and measuring the ASE when the tun- 
able laser source is off provides the extinction of source 
spontaneous emission. 

Other measurements that are generally included along 
with the gain and noise figure are the output signal power 
(required for gain), the mtegrated ASE, and the total out- 
put power (signal plus the inU^grated ASE). 

Figure 5 shows a number of measurements using the HP 
83465A EDP'A test system on a Fitel ErFA1313 amplifier. 
Figures 5a and 5b show the large-signal gain and noise 
figure as functions of wavelength from 1520 nm to 1570 
nm at an input power level of - 10 dBm. The graphs in 
Figure G show the effect of vaiying the input powder level 
at a single wavelengtli of 1550 nm. Figure 6a demon- 
strates the aniplifit^r saturation by showing the asymptotic 
limit of the output signal power as the input level is 
increased. Figure 6b shows the same effect on the gain, 
where there is a gradual decrease in the gain from its 
small-signal Oinear) value. Figure 6c shows a decrease in 
the ASE power with increasing signal level, indicating a 



Figiue 5 

Large-signaf gain (af and noise figure (t) of an EDFA ss 
functions of wavelength from 1520 nm to 1570 nm at an 
input power level of — iO dBm^ 
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Figure 6 



meets ofvarymg the mput power level at a single wavelength of 1550 nm^ (a) Signal output power, showing amplifier saturation 
the Bsymptovc hmnofthe output signal power as the input level is increased (b) The gain shows the sarneeTec (c) TheASE 

tiveiy small change (3 to 5 dB) as the Signal input power changes over a very large range (35 dB). 
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better signal-to-noise ratio. Figure 6d shows the relative- 
ly small change (3 to 5 dB) in the total output power as 
the signal input power changes over a very large range 
(35 dB). This is because liie energy for the signal amplifi- 
cation conies from liie same source (the pump laser) as 
the ASE in the unsatmated case. 

Sinali^Signal Gain 

Because the EDFA is iioiilijiear, a simple measurement of 
the large-signal saturating laser gain may not completely 
characterize the amplifier. If one were to take a small- 
signal probe laser and measure the gain at various wave- 
lengths m the presence of the saturating laser, this would 
give the small-signal gain g(X). This smah-signal gain can 
also be measured with a spontaneous emission source 
instead of the probe laser In this case g(3i) is called the 
noise gain pmfile. 

In the case of a single-charmel system, g(k) gives the 
wavelength of the gain peak, which tells the designer 
the best operating wavelength to avoid a buildup of ASE. 
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In the case of a WDM system, g(X) tells the user how the 
multiple laser channels will share the available gain of the 
amplifier It can also be used to characterize an effect 
called spectral hole burning, wMch Ls a depletion of gain 
over a narrow wavelength range caused by a large? satm^at- 
ing laser. By measuring g(X) at a matrix of pump currents, 
saturating wavelengths, and input powers, a very com- 
plete model of the EDFA can be obtained that will predic:t 
its behavior m virtually any system environment. 

Figure 7 shows a measurement of the noise gain profde 
at a single saturating wavelength of 1550 nm and a variety 
of saturating powers. Note the dilTerence between g(X) at 
- 10 dBm shown in Figure 7 and tlie large-signal gain 
variation with wavelength shown in Figure 5a. Figure 5a 
is much flatter because of the change in saturation level 
as the signal wavelength is tmied. 

Polarization Effects 

The polarization of the laser Mght always creates chal- 
lenges in hghtwave measurements. Since most systems 
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Figure? 

Noise gain profile at a single saturatmg wavelength of 
f550 um and a variety of saturating pov\/&rs. 
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use standard circularly symmetric fibers, thp polarization 
of tlie signals is not prest^rvecl In measuring Ihe gains pre- 
viously mentioned, it is dc^sirabte to measure tiie unpokir- 
ized gains. Since the lasers used to saturate the amplifier 
are polarized, this can be accomplished using a technique 
called polmization randofnizing. Varying the state of 
polarization with time and averaging the measurements 
over a sufficiently long time window yields a measure- 
ment that converges to the uiipolarized gain. 

In addition to the average gains, a user may want to know 
the magnitude? of the changes m gaiu aiul noise figure re- 
sulting from changes in the state of polarizaUon of either 
the satiu-atmg signal or the probe signal. These effects are 
of great importance in systems with many cascaded am- 
plifiers. This variation is measured by simply rectirding 
the maximum and minimimi gains over the time window. 

Return Loss and Isolation 

Since the EDFA has the potential for gain in both direc- 
tions, many systems require splicuig the amplifiers into the 
system or the use of lugh-retum-loss angled comiectors. 
Verification of the input and output return loss and the 
reverse isolation is another test requirement for EDFAs. 



Return loss is measured usmg a fiised fiber coupler with 
good directivity. This separates a sample of the forward 
propagating wave from the reverse propagating wave. 

Isolation is simply a gain measurement in the reverse di- 
rection. However, since the gain is nonlinear, the simplest 
way to make litis measurement is to measure reverse gain 
at low saturation (without a forward propagating wave) 
and correct the gain for the ratio of the saturated and 
unsaturated small-signai gains. 

In addition, small reflections inside the EDFA can cause 
multipath interference. This is most apparent in cable TV 
applic:ations of EDFAs. Verification of the absence of am- 
plifier internal reflections is a very complit^ated procedure 
beyond the scope of this paper, 

Monitors 

Many EDFAs have features called monitors, which are 
simply optical signal-level l:aps. They detect the level of 
Hght at the input, at the output, and at the output in the 
reverse direction. These monitors are used for fault detec- 
tion and signal-level moiutoring and control. A complete 
measurement system will characterize and verify the oper- 
ation of these features, A digital voltmeter is used as the 
sensing apparatus and the timable laser source power and 
wavelength are varied as total output power measurements 
are made by the optical spectrum analyzer. 

Device Setup 

In many cases the test system provides the interfaces to 
tlie EDFA pumps by means of a laser diode controller. 
These lasers are mounted on a ttiermoelectric cooler sys- 
tem with a thermistor as the temperature sensuig element 
The c:ontroller regulates the laser temperature by criosing 
the control loop to maintain the thermistor resistance 
constant. The controller also supplies the laser witii bias 
c'urrent. Sometimes there is a monitor photodiode on the 
back facet of the laser to monitor the laser power, hi tills 
case the laser power can be leveled by monitoring the 
photocurrent and controlling the laser current. 

Parametric Measure me nts 

When the test ^stem is used to set up the amplifier, the 
system operator is able to make parametric measurements. 
For example, tl\e gain and noise figure can be measured 
as a function of pimip laser current or pump laser 
temperature. This is very import^ant for determining 
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the optiTnum parameters for best amplifier perfomiance. 
Optimization is becoming more important in the case of 
amplifiers used for WDM applications smce the manage- 
ment of signal-to-noise ratio is more critical because of 
the lower power of each channel 

A good example of optimization is in the case of an ampli- 
fier with a built-m filter to equahze or flatten the naturally 
rounded peak of the gain, Sincre the gain slope changes 
with both pump power and input drive level, for a fixed 
input drive level there is an optimum pump power for 
best gain flatness. The optimum pump power setting 
can be determined by making multiple small-signal gain 
measurements as a function of pimip power setting. On 
a plot of gain slope (the derivative of small-signal gain) 
versus pump power, the optimum setting is the power 
where the slope is zero. 



Conclusion 



As the market Ibr EDFAs matures, the designs are becom- 
ing more complex. Along with this complexity comes the 



need for sophisticated test methods that are fast and 
accurate^ yet able to verify all of the features of tlie prod- 
uct for utmost reliability. By supplying test systems, tools 
for research, and consulting for the latest in measurement 
techniques, HP test and measurement groups are doing 
their part to ensure that the manufacturers of EDFAs 
have the testing capacity to meet their rapidly uicreasing 
demand. 
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